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Foreword 


The  investigations  on  which  this  book  are 
based  are  part  of  the  Synthetic  Liquid  Fuels 
program  carried  out  under  public  laws  290 
(78th  Congress)  and  443  (80th  Congress). 
The  authors  are  staff  members  of  the  Research 
and  Development  Branch  of  the  Office  of  Syn¬ 
thetic  Liquid  Fuels.  The  book  is  published 
by  permission  of  the  Director,  Bureau  of 
Mines. 


W.  C.  Schroeder,  Chief 
Office  of  Synthetic  Liquid  Fuels 
Bureau  oj  M ines,  U .  S.  Department 
oj  Interior,  Washington,  D.  C. 


Preface 


Early  in  1945  inspection  of  German  plants  and  interrogation  of  Ger¬ 
man  engineers  and  scientists  were  made  possible  by  the  advance  of  the 
Allied  armies  into  Germany.  Before  the  fighting  in  World  War  II  had 
ceased,  British  and  American  teams  of  technical  men  from  the  fuel  and 
chemical  industries,  and  from  academic,  industrial,  and  government  re¬ 
search  laboratories  were  organized  and  sent  to  Germany.  Selected  doc¬ 
uments  from  the  files  of  many  German  plants  and  research  laboratories 
were  sent  to  London,  where  they  were  photographed  on  microfilms,  cop¬ 
ies  of  which  were  sent  to  the  United  States.  Here  a  committee  from  the 
Petroleum  Administration  for  War  and  later  the  Bureau  of  Mines  and 
the  Office  of  Publications  Board  of  the  Department  of  Commerce  pre¬ 
pared  indexes  of  the  information  contained  in  the  microfilm  reels,  and 
made  copies  of  both  of  these  available  to  United  States  citizens.  A  few 
of  the  most  important  documents  were  translated  by  the  Bureau  of  Mines 
and  oil  company  research  personnel.  Later  the  Technical  Advisory  Com¬ 
mittee  of  the  Petroleum  Administration  for  War  arranged  for  additional 
translations  to  be  published  by  Charles  A.  Meyer  and  Co.,  Inc.,  52  Van¬ 
derbilt  Ave.,  New  York,  N.  Y.  Reports  on  the  inspection  of  German 
plants  and  laboratories  and  on  the  interrogation  of  German  engineers 
and  scientists  were  written  by  members  of  the  British  and  American 
teams.  These  reports  were  published  by  the  C.I.O.S.  (Combined  Intel 
ligence  Objectives  Subcommittee),  F.I.A.T.  (Field  Intelligence  Agency 
Tech  meal),  and  OP.  B.  (Office  of  Publications  Board)  in  the  United 

inUre  Tr  •?*  ;°f;  (Bntlsh  IntemK™ce  Objectives  Subcommittee) 

in  Cheat  Britain.  In  1940-1948,  special  summary  reports  were  written 

bj  outstanding  German  technologists  under  the  direction  of  Dr  W  E 
ant m  WS  CIlPadty  “  *  “ : 

Tins  book  is  the  result  of  an  extensive  and  critical  review  of  the  larve 
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the  U.  S.  Bureau  of  Mines  in  the 

vii  J 


fill 


Preface 


British  Fuel  Research  Laboratory;  of  special  consultants  from  the  oil, 
coal,  and  gas  industries  of  the  United  States;  and  of  German  scientists 
and  engineers.  The  last  mentioned  were  employed  to  supply  “back¬ 
ground”  information  without  which  many  of  the  data  in  captured  Ger¬ 
man  documents  could  not  have  been  satisfactorily  evaluated.  British 
scientists  and  engineers  collaborated  in  collecting  and  interpreting  Ger¬ 
man  documents  and  interrogating  a  large  number  of  German  technol¬ 
ogists. 

Although  three  chapters  of  the  manuscript  are  devoted  to  the  more 
fundamental  scientific  aspects  of  the  hydrogenation  of  carbon  monoxide, 
the  major  portion  of  the  book  is  concerned  with  detailed  discussion  of  the 
development  of  the  Fischer-Tropsch  and  related  processes.  Sufficient 


original  data  have  been  included  to  permit  the  reader  to  make  his  own 
evaluations  and  correlations  of  experimental  results.  To  further  assist 
the  reader  in  evaluation  of  the  original  data,  the  references  given  in  the 
book  to  sources  of  information  include  citations  of  virtually  all  important 
published  documents,  but  no  attempt  is  made  to  provide  an  exhaustive 
survey.  The  sections  on  heterogeneous  catalysis  and  on  kinetics  and  re¬ 
action  mechanisms  are  based  largely  on  the  work  of  P.  H.  Emmett  and 
his  collaborators.  These  sections  and  the  one  on  thermodynamics  of  hy¬ 
drogenation  of  carbon  monoxide  are  highly  condensed  and  somewhat 
“heavy”  reading  for  those  interested  mainly  in  industrial  process  design, 
but  because  they  contain  theoretical  background  information  and  a  sum¬ 
mary  of  the  present-day  fundamental  knowledge  of  the  synthesis  these 
sections  should  be  regarded  as  essential  reading  for  those  engaged  in  re¬ 
search  and  development  work  on  hydrogen-carbon  monoxide  reactions. 

Although  the  number  of  technologists  on  whose  work  the  book  is  based 
is  too  large  for  individual  mention,  it  is  desirable  to  list  those  whose 
efforts  were  of  major  importance.  In  the  latter  group  were  M.  A.  Elliott, 
L.  L.  Newman,  W.  C.  Schroeder,  A.  C.  Fieldner,  J.  Wiley,  L.  L.  Hirst, 
and  Miss  If.  Anderson  of  the  U.  S.  Bureau  of  Mines,  H.  V.  Atwell  of  The 
Texas  Company,  W.  E.  Faragher  of  the  Houdry  Process  Corporation, 
A.  E.  Miller  of  the  Sinclair  Oil  Company,  C.  C.  Hall  ol  the  British  Fuel 
Research  Laboratory,  R.  Holroyd  of  Imperial  Chemical  Industries,  Ltd, 

L.  Alberts,  formerly  with  Ruhrchemie,  and  H.  Pichler,  formerly  with  the 
Kaiser  Wilhelm  Institute  for  Coal  Research.  The  first  draft  of  the  man¬ 
uscript  was  reviewed  and  constructive  criticisms  were  made  by  L.  J.  E. 
Hofer,  J.  F.  Shultz,  W.  K.  Hall,  J.  Field,  B.  Seligman,  H.  Benson,  b 
Weller  R.  Kelly,  M.  Orchin,  I.  Wender,  J.  H.  Crowell,  D.  Bienstock,  and 

M.  Festenstein  of  the  Bureau  of  Mines.  Professor  W.  Edmister  ot  C  ar¬ 
negie  Institute  of  Technology  reviewed  the  section  on  thermodynamics. 
Special  mention  is  desirable  also  for  the  following  Bureau  of  Mines  pei- 
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sonnel:  Mrs.  R.  Brinkley,  M.  Leva,  and  W.  Oppenheimer  for  their  excel¬ 
lent  translations  of  important  German  documents,  R.  Grass  for  edito¬ 
rial  work  on  the  manuscript,  J.  Vidosh  for  preparation  of  all  graphs  and 
other  illustrations,  V.  Talbert,  S.  Radosevich,  I.  G.  Booher,  and  M.  Lee 
for  assistance  in  reproduction  of  the  manuscript. 

Henry  H.  Storch 
Norma  Golumbic 
Robert  B.  Anderson 

January,  1951 
Pittsburgh,  Pa. 
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The  scientific  and  industrial  importance  of  the  chemistry  of  carbon 
monoxide  reactions  has  increased  rapidly  since  about  1900.  Studies  of 
the  synthesis  of  methane  from  water  gas  (a  mixture  of  about  equal  parts 
of  hydrogen  and  carbon  monoxide)  and  the  development  of  the  water 
gas-shift  process  for  hydrogen  production  were  followed  by  the  synthesis 
°f  methanol,  of  higher  alcohols,  of  fatty  acids,  and  of  esters.  More 
recent  advances  include  the  Fischer-Tropsch  process  for  synthesis  of 
chiefly  liquid  aliphatic  hydrocarbons,  alcohols,  and  minor  amounts  of 
aldehydes,  fatty  acids,  and  ketones  by  hydrogenation  of  carbon  monox¬ 
ide.  ^  Research  on  the  Fischer-Tropsch  process  led  to  the  discovery  of 
the  oxo  process  tor  the  addition  of  carbon  monoxide  anti  hydrogen  to 
olefins  to  produce  a  particular  aldehyde,  alcohol,  or  ketone. 

The  Fischer-Tropsch  synthesis  had  its  origin  in  an  observation  made 
m  1923  by  Franz  Fischer  and  Hans  Tropsch  that  alkalized  iron  turnings 
at  100  150  atm  ol  hydrogen  plus  carbon  monoxide  and  400°-450°C 
catalyzed  the  production  of  “synthol.”  This  product  consisted  chiefly 
o  oxygenated  compounds  and  a  very  small  quantity  of  hydrocarbons. 

-  1  atm  and  later,  at  1  atm,  Fischer  found  that  the  distribution  of 

oxygenated  and  hydrocarbon  products  was  reversed.  The  first  Fischer- 
ropsch  catalyst  was  an  iron-zinc  oxide  preparation  which  was  reported 

•on  BChCT  o  f '  1  WaS  teSted  at  atm°spheric  pressure  with  a  mixture 
ontaming  3  volumes  ol  hydrogen  and  1  volume  of  carbon  monoxide 

ami  at  a  temperature  of  370°C.  However,  development  of  iron  catalyst 

TronsZ  111  1937’  Which  was  “  years  after  the  Fischer- 

opsch  process  was  in  commercial  operation  with  a  cobalt  catalyst 

,VSH  a<  Vance  ,n  the  development  of  Fischer-Tropsch  cata¬ 

lysts  was  the  precipitation  of  nickel-thoria  on  kieselguhr  in  1931.  ThL 
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catalyst  was  followed  in  1932  by  the  corresponding  cobalt  catalyst, 
lOOCo:  18Th02: 100  kieselguhr,  parts  by  weight,  which  was  the  starting 
point  in  the  development  of  the  Ruhrchemie  commercial  catalyst.  Sub¬ 
sequent  changes  in  catalyst  composition,  concomitant  with  process  de¬ 
velopment,  resulted  in  a  standard  composition  in  1937  of  lOOCo: 
18ThO2:200  kieselguhr  and  in  1938  of  lOOCo  :5Th02:8Mg0: 200 
kieselguhr. 

The  advantages  of  iron  over  cobalt,  in  being  easily  available  from 
many  sources  and  in  imparting  flexibility  to  the  process,  stimulated  con¬ 
tinuous  research  on  iron  catalysts.  In  1937,  alkalized  precipitated  iron 
catalysts  were  successfully  operated  on  a  laboratory  scale  by  the  Kaiser 
Wilhelm  Institut  fiir  Kohlenforschung  at  15  atm  of  water  gas  and  at 
temperatures  of  235°-250°C.  A  German  development  in  1943-1944 
was  the  preparation  of  highly  active  precipitated  iron  catalysts,  which 
could  be  operated  at  10  atm  or  atmospheric  pressure  and  a  temperature 
of  about  220°C.  For  the  more  recently  developed  Fischer-Tropsch  proc¬ 
esses,  the  fluidized  and  oil-circulation  techniques,  the  development  of 
iron  catalysts  has  shifted  toward  granules  of  high  mechanical  strength. 
For  this  purpose,  fused  catalysts  of  the  synthetic-ammonia  type  and 
sintered  catalysts  prepared  from  relatively  inexpensive,  finely  powdered 
iron  oxide  are  being  used. 

In  the  Fischer-Tropsch  process  as  developed  commercially  by  the 
Ruhrchemie  A.G.  in  Germany  in  1935-1940,  synthesis  gas  containing 
2  volumes  of  hydrogen  per  volume  of  carbon  monoxide  was  compressed 
to  about  7  atm  and  passed  through  a  granular  bed  of  cobalt  catalyst  at 
185°-205°C.  The  major  products  of  the  synthesis  were  wax,  oil,  water, 
gaseous  hydrocarbons,  and  a  minor  amount  of  carbon  dioxide.  The 
hydrocarbons  were  largely  straight-chain  paraffins.  The  olefin  content 
varied  with  pressure,  contact  time,  and  temperature.  Improved  modi¬ 
fications  of  the  Ruhrchemie  process  involved  the  recycling  of  exit  gas 
from  the  reactor  and  the  use  of  iron  to  replace  cobalt  in  catalyst  prepara¬ 
tion.  These  changes  increased  the  olefin  content  of  the  product  and  the 
flexibility  of  the  process,  particularly  in  the  control  of  the  proportions  ot 
gasoline,  Diesel  oil,  and  alcohols. 

Application  of  fluidized-catalyst  techniques  to  the  Fischer-Tropsc  i 
reaction  has  yielded  a  process  which  produces  chiefly  motor  gasoline  with 
minor  amounts  (30  per  cent)  of  fuel  oil  and  oxygenated  organic  com¬ 
pounds.  The  fluidized-iron-catalyst  process  is  outstanding  because  of 
its  very  high  space-time-yield,  and  because  it  is  competitive  with  existing 
petroleum  production  and  refining  processes,  if  natural  gas  at  5-10 
cents  per  1,000  cu  ft  is  available  as  the  raw  material  for  synthesis  gas 

production. 
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Scope  of  the  Hook 

In  another  recently  developed  process,  a  cooling  oil  is  cii culated 
through  a  bed  of  granular  iron  catalyst  at  a  rate  sufficient  to  expand  the 
bed  and  keep  the  catalyst  particles  in  a  state  of  constant  agitation.  This 
process  produces  a  somewhat  lower  proportion  of  motoi  gasoline  and 
correspondingly  larger  proportions  of  Diesel  oil,  fuel  oil,  and  wax  than 
are  produced  by  the  fluidized-catalyst  process.  Although  the  space-t  ime- 
yield  of  the  oil-circulation  process  is  only  about  one-half  of  that  of  the 
fluidized  process,  much  less  methane  and  ethane  are  made.  W  hen  coal 
is  used  as  raw  material  for  synthesis  gas  production,  a  low  Ch  +  C2 
yield  is  essential  because  of  the  relatively  high  cost  of  the  synthesis  gas. 
Further  progress  in  the  development  of  new  and  improved  processes  for 
the  Fischer-Tropsch  synthesis  will  be  more  rapid  when  the  mechanism 
of  the  synthesis  is  more  clearly  outlined. 

Careful  determination  of  the  isomeric  composition  of  Fischer-Tropsch 
gasoline  and  Diesel  oil  has  yielded  some  important  specifications  which 
any  proposed  reaction  mechanism  must  meet.  Thus,  for  example,  the 
mechanism  of  growth  of  the  synthesis  molecule  must  be  such  as  to  make 
the  production  of  a  molecule  containing  a  quaternary  carbon  atom  highly 
improbable.  The  mechanism  must  provide  for  the  production  of  normal 
alcohols  as  one  of  the  primary  products  of  the  reaction  and  for  the  con¬ 
version  of  the  alcohols  to  olefins  in  the  absence  of  active  dehydration 
catalysts.  The  proposed  mechanism  must  be  also  consistent  with  the 
results  of  thermodynamic  studies,  which  show  that  the  isomer  distribu¬ 
tion  is  far  from  equilibrium  whereas  secondary  reactions,  such  as  that 
between  carbon  monoxide  and  water  to  yield  carbon  dioxide  and  hy¬ 
drogen,  are  closer  to  equilibrium  on  iron  catalysts.  The  reaction  mecha¬ 
nism  must  be  in  accord  also  with  the  extensive  chemical  changes  in  the 
iron  catalyst  which  occur  during  the  synthesis  without  appreciable  ef¬ 
fect  on  activity  or  product  distribution.  Although  no  generally  ac¬ 
cepted  mechanism  exists,  kinetic  studies  combined  with  x-ray  diffraction 
and  magnetochemical  measurements  on  catalysts  have  indicated  how 
more  active  and  more  durable  catalysts  can  be  prepared. 


Scope  of  the  Rook 

Written  primarily  for  chemists  and  chemical  engineers  engaged  in 
ischer-Tropsch  or  similar  process  development,  this  book  presents  the 
bas.c  chemistry  of  the  process,  the  results  of  catalyst  testing  and  pilot- 
p  an  eve  opment  work,  and  data  on  industrial  operations.  Tile  first 

oxWe  lndThe  mSMC  “‘"“‘“T  and  reactivity  of  Mrogen,  carbon  mon. 

’  an<1  *he  metals  commonly  used  as  catalysts,  as  well  as  the  thermo 
dynam.es  of  reactions  of  these  components.  '  Chapter  2  presents 
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troduction  to  heterogeneous  catalysis:  the  methods  of  studying  catalysts 
and  catalytic  reactions,  anti  a  discussion  of  three  reactions  that  are  some¬ 
what  related  to  those  of  the  Fischer-Tropsch  synthesis.  Chapter  3  con¬ 
tains  a  review  of  the  development  of  catalysts  for  the  hydrocarbon  syn¬ 
thesis.  Here,  catalyst  composition  and  methods  of  preparation  and  pre¬ 
treatment  are  related  to  catalytic  activity.  Chapter  4  presents  the 
laboratory  and  industrial  development  of  the  Ruhrchemie  process,  as 
well  as  more  recent  pilot-plant  developments  in  Germany  and  in  the 
United  States.  The  different  Fischer-Tropsch  processes  are  classified 
according  to  the  physical  form  of  the  catalyst  and  the  method  of  re¬ 
moving  the  heat  of  the  reaction.  The  productivity,  relative  efficiency, 
and  versatility  of  the  various  processes  are  compared.  This  chapter 
concludes  with  a  brief  appraisal  of  the  economic  studies  of  Fischer- 
Tropsch  processes.  Chapter  5  describes  processes  related  to  the  Fischer- 
Tropsch  synthesis,  such  as  the  oxo  and  isoparaffin  syntheses.  The  last 
chapter  relates  activity  and  selectivity  of  catalysts  to  the  variables  of 
operation  and  to  the  phases  present  in  the  catalyst  during  use  in  the 
synthesis.  The  chapter  concludes  with  a  critical  discussion  of  the 
mechanism  of  the  synthesis. 


The  Structure  and  Reactivity  of  Hydrogen,  Carbon  Monoxide, 

Iron,  Cobalt,  and  Nickel 

The  electronic  structures  of  various  atoms  involved  in  the  Fischer- 
Tropsch  synthesis  together  with  the  structures  of  several  ot  the  noble 
gases  are  presented  in  Table  1.  The  electronic  theory  ot  valence  is  veil 
known,  and  its  details  are  beyond  the  scope  of  this  book.  It  is  sufficient 
to  state  that  in  the  formation  of  chemical  bonds  each  constituent  atom 
tends  to  attain  the  configuration  of  the  next  lower  or  higher  noble  gas 
by  donating  electrons  to  or  accepting  them  from  other  atoms,  oi  by 
forming  electron  pair  bonds. 

About  80  per  cent  of  the  bonding  energy  of  the  hydrogen  molecule  is 
attributed  to  an  electron  pair  bond,  represented  as 

H  :  H  («) 

the  bonding  energy  being  due  to  the  resonance  or  exchange  of  electrons 
between  the  electronic  orbits  of  the  two  atoms.1  To  form  such  a  stable 

i  L.  Pauling,  Nature  of  the  Chemical  Bond ,  Cornell  University  Press,  Ithaca,  N.  Y., 
1945. 
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Table  1.  Electronic  Structure  of  Various  Elements  Involved  in  the 

Fischer-Tropsch  Synthesis 


Shell 

K 

L 

M 

N 

O 

Orbital 

Is 

2s 

2p 

3s 

3p 

3d 

4.s 

4p 

4  d 

5  s 

bp 

Hydrogen 

1 

Helium 

2 

Carbon 

2 

2 

2 

Nitrogen 

2 

2 

3 

Oxygen 

2 

2 

4 

Neon 

2 

2 

6 

Argon 

2 

2 

6 

2 

6 

Potassium 

2 

2 

6 

2 

6 

1 

Iron 

2 

2 

6 

2 

6 

6 

2 

Cobalt 

2 

2 

6 

2 

G 

7 

2 

Nickel 

2 

2 

6 

2 

6 

8 

2 

Copper 

2 

2 

6 

2 

G 

10 

1 

Krypton 

2 

2 

6 

2 

6 

10 

2 

G 

Ruthenium 

2 

2 

6 

2 

6 

10 

2 

6 

7 

1 

Xenon 

2 

2 

6 

2 

6 

10 

2 

6 

10 

2 

6 

bond  the  spins  of  the  two  electrons  must  be  opposed, 
about  5  per  cent  is  due  to  the  structures 


A  contribution  of 


ri 


and  "  ( b ] 

H~  :H+  (c) 

which  would  be  unstable  except  for  resonance  between  structures  b  and 
r,he  remaining  15  per  cent  of  the  bond  enemy  is  attributed  t  "  r 

XtX  tH f  "C0Untcd  f°''  ”  a  simPle  treatment  of  tlie  previous 
kX:  mole  1  hydr°gen  m0,eCU,e  "  Stable- ^nd  energy  beilg  X 

Many  of  the  reactions  of  hydrogen  are  too  well  l-„ 

CUSS,0n;  hence'  °n,y  -'ions  occurring  at  solid  inteTcls  IviU  tcot 
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sidered.  Hydrogen  reduces  oxides  of  heavy  metals  to  the  metals  or  to 
lower  oxides  and  reduces  some  carbides  and  nitrides  to  metals;  oxides, 
nitrides,  and  carbides  of  iron,  cobalt,  and  nickel  are  reduced  to  the  metal 
at  temperatures  above  200°  C.  Hydrogen  is  soluble  in  most  metals. 
With  iron,  cobalt,  nickel,  and  copper  there  is  no  evidence  of  hydride 
formation,  and  the  solubility  increases  with  temperature.  At  600°C, 
the  solubilities  of  hydrogen  are  about  0.5,  1,1,  and  6  cc  (STP)  per  100  g 
of  copper,  cobalt,  iron,  and  nickel,  respectively.  The  solubility  of  hy¬ 
drogen  in  metals  that  form  definite  hydrides,  such  as  palladium,  zir¬ 
conium,  titanium,  thorium,  and  vanadium,  is  very  much  greater,  and 
the  solubility  decreases  with  temperature.2  Hydrogen  is  chemisorbed 
on  many  metals  at  temperatures  as  low  as  — 100°  C.  Most  evidence 
indicates  that  at  least  part  of  the  hydrogen  is  chemisorbed  as  atoms. 

At  moderate  temperatures,  most  organic  molecules  do  not  react  with 
molecular  hydrogen  except  in  the  presence  of  catalysts.  Thus,  ethylene 
can  be  rapidly  hydrogenated  to  ethane  on  catalysts  of  many  metals  at 
temperatures  as  low  as  -  100° C,  whereas  this  reaction  does  not  occur  to 
an  appreciable  extent  below  200  C  in  the  absence  of  catalysts.  At  tem¬ 
peratures  above  150°C  in  the  presence  of  nickel,  cobalt,  or  iron  catalysts, 
ethylene  is  hydrogenated  to  methane.  Above  150° C,  hydrocracking  re¬ 
actions  of  other  olefinic  and  paraffinic  hydrocarbons  can  occur  on  these 
catalysts.  Under  suitable  conditions  of  pressure  and  temperature  al¬ 
most  all  hydrocarbons  or  organic  molecules  containing  oxygen  or  nitrogen 
can  be  hydrogenated  or  hydrocracked  in  the  presence  of  nickel  or  other 

catalysts.  ,  m 

Carbon  and  oxygen  have  4  and  6  valence  electrons  (L  shell),  respec- 

tivelv,  and  the  arrangement  of  these  electrons  in  the  carbon  monoxide 
molecule  has  been  the  subject  of  considerable  discussion.  Pauling 
postulates  the  structure  to  be  represented  by  resonance  between 


4-  •  •  - 

:C:0: 

(d) 

:  C : :  O : 

(e) 

O 

6 

•  •  + 

(/) 

with  structures  d,  e,  and  /  contributing  about  equally  to  the  ££ 

of  the  molecule.  The  heat  of  formation  of  carbon  monoxide  from  atoms 
of  210  kcal  per  mole  can  be  compared  with  152  kcal  per  mole  tot  th 
cUo  bond  in  Letones,  which  corresponds  to  a  resonance  between  struc- 
and,  The  difference,  58  kcal  per  mole,  corresponds  to  the 

i  C.  J.  Smithells,  ta  and  Metals,  John  Wiley  &  Sons,  New  York,  ,037. 
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energy  of  resonance  with  structure/,  I he  total  resonance  eneigy  of 
carbon  monoxide  relative  to  structure  e  is  greater  than  100  kcal  per  mole. 
The  zero  or  very  small  dipole  moment  of  the  molecule  is  explained  by 

equal  contributions  of  structures  d  and  /.3 

The  carbon  monoxide  molecule  is  very  much  more  stable  than  radicals 
such  as  CH2  and  CC12,  and  there  is  no  tendency  for  carbon  monoxide  to 
polymerize.  Most  of  the  reactions  of  carbon  monoxide  occur  at  tem¬ 
peratures  above  0°C  and  then,  in  many  cases,  only  in  the  presence  of 
catalysts.  The  reactions  of  carbon  monoxide  and  hydrogen  are  sum¬ 
marized  in  Table  2.  Reaction  F  probably  occurs  to  a  limited  extent  in 
the  Fischer-Tropsch  synthesis. 


Table  2.  Reactions  of  Carbon  Monoxide  and  Hydrogen 


Catalysts 

Promoters 

Temper¬ 

ature, 

°C 

Pressure, 

atm 

Product 

A .  Methane  synthesis 

Ni 

ThOo,  MgO 

250-500 

1 

Chiefly  methane 

Fe,  Co,  Ni 

Th02,  MgO, 

150-350 

1-30 

Paraffinic  and  olefinic  hydro- 

AI2O3, 

carbons  vary  i  ng  from  meth- 

B.  Fischer-Tropsch 

K20 

ane  to  waxes,  plus  small  to 

synthesis 

large  quantities  of  oxy- 

genated  products 

Ru 

150-250 

100-1,000 

High-molecular-weight 

paraffinic  hydrocarbons 

C.  Methanol  synthesis 

ZnO,  Cu,  Cro03, 

200-400 

100-1,000 

Methanol 

MnO 

D.  Higher  alcohol 

Same  as  in  C 

Alkali 

300-450 

100-400 

Methanol  and  higher 

synthesis 

alcohols 

K.  Iso  synthesis 

ThOo,  ZnO  -f-  AI2O3 

K20 

400-500 

100-1,000 

Saturated  branched  hydro- 

carbons 

F.  Oxo  synthesis  ° 

Co,  Fe 

100-200 

100-200 

Oxygenated  organic  com- 

pounds 

“  This  reaction  involves  hydrogen,  carbon  monoxide,  and  olefins. 


Carbon  monoxide  reacts  with  aqueous  solutions  of  sodium  hydroxide 
to  form  sodium  formate  at  100°-200°C  and  5-8  atm.  At  higher  pres¬ 
sures,  carbon  monoxide  reacts  with  aqueous  solutions  of  salts  and  mineral 
acids  to  iorm  formic  acid.  Carbon  monoxide  and  water  vapor  are  readily 
converted  to  carbon  dioxide  and  hydrogen— the  water-gas  reaction— at 


Lo'„ItnnDnCewST  Vnd/0f  caUling  are  "ot  “"^rsally  accepted.  L.  H. 
iAMig  ana  a.  u.  Walsh,  lrans.  Faraday  Snr  41  149  _  .  , 

structure  e.  Fajans,  Chem.  Eng.  News  27  900  (1949t  en  !"  f  "  evidence  for 

r, . *1 izrr  ;s:r 

"ir8  reEion  be- 

to  the  core  charges  to  explain  the  lowV^le  mo„t„t  mUS‘  b<“ 
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200° -300° C  and  atmospheric  pressure  in  the  presence  of  iron  chromite, 
cobalt  chromite,  and  other  catalysts.  Reppe  4  has  developed  new  re¬ 
actions  and  processes  involving  reactions  of  acetylenes  or  olefins  with 
carbon  monoxide,  metal  carbonyls,  or  hydrocarbonyls  as  illustrated  by 
the  equations  for  the  preparation  of  acrylic  acid  and  n-propyl  alcohol: 

4C2H2  +  Ni(CO)4  +  4H20  +  2HC1  -> 

4H2C=CHCOOH  +  NiCl2  +  H2  (1) 

2C2H4  -f-  H2Fe(CO)4  -f-  4H20  — > 

2CH3CH2CH2OH  +  Fe(HC03)2  (2) 

In  the  presence  of  metals,  carbon  monoxide  reacts  in  a  number  of 
ways.  At  low  temperatures  many  metals  such  as  cobalt,  nickel,  iron, 
and  copper  tenaciously  chemisorb  carbon  monoxide.  From  room  tem¬ 
perature  to  about  200°C  carbonyls  such  as  Fe(CO)5,  Ni(CO)4,  and 
[Co(CO)4]2  are  formed.  These  carbonyls  are  liquids  which  boil  below 
50°  C  and  decompose  at  atmospheric  pressure  at  temperatures  below 
150°C.  In  the  volatile  carbonyls,  as  well  as  in  iron  and  cobalt  hydro¬ 
carbonyls,  the  3 d  and  4 p  orbitals  of  the  metal  are  filled  with  electrons 
donated  by  carbon  monoxide  and  hydrogen  so  that  the  metal  atom  at¬ 
tains  the  electronic  structure  of  krypton  with  36  electrons.  In  the  for¬ 
mula  postulated  for  nickel  carbonyl  ( g ),  the  nickel  atom  is  surrounded 


(ff) 


(): 

C 

:0:  :C:  :Ni:  :C: :(): 
C 
( >: 


by  its  28  extranuclear  electrons  plus  2  each  from  the  carbon  monoxide.1 
This  rare-gas-type  structure  accounts  for  the  low  melting  and  boiling 
points  of  this  high-molecular-weight  substance.  In  a  similar  structure 
for  cobalt  carbonyl,  Co(CO)4,  the  number  of  electrons  about  the  cobalt 
atom  is  35;  this  carbonyl  occurs  as  a  dimer  in  which  each  cobalt  atom 
is  surrounded  by  36  electrons.  Cobalt  hydrocarbonyl,  HCo(CO)4,  m 
which  hydrogen  contributes  an  electron  to  complete  the  krypton  struc- 

4  j  \y  Reppe,  Acetylene  Chemistry,  O.T.S.-PB  Report  18852-s,  Charles  A.  Meyer 
and  Co.,  New  York,  1U4!). 
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ture,  acts  as  a  strong  acid  in  solution.  In  iron  carbonyl,  Fe(CO)5,  and 
hydrocarbonyl,  H2Fe(CO)4,  the  number  of  electrons  surrounding  the 
metal  atom  is  again  36.  The  iron  hydrocarbonyl  acts  as  a  weak  mono¬ 
basic  acid  in  solution.  Hydrocarbonyls  of  nickel  have  not  been  pre¬ 
pared.  Non-volatile  crystalline  carbonyls  such  as  Fe2(CO)g  and  Fe(CO)4 
have  been  prepared. 

At  temperatures  of  150°-250°C,  carbon  monoxide  reacts  with  iron, 
cobalt,  and  nickel  to  form  carbides  such  as  Fe2C,  Co2C,  and  Ni3C.  At 
temperatures  above  250°-350°C,  these  carbides  decompose  to  metal  and 
carbon  or  lower  carbides.  Above  300° C,  carbon  monoxide  decomposes 
on  these  metals  to  produce  chiefly  free  carbon  and  carbon  dioxide.  At 
least  at  the  lower  temperatures,  there  is  evidence  to  indicate  that  carbon 
deposition  may  occur  by  formation  and  decomposition  of  carbides.5 

In  many  reactions,  such  as  hydrogenation,  the  high  activity  of  cata¬ 
lysts  of  iron,  cobalt,  and  nickel,  as  compared  with  catalysts  of  copper  or 
silver,  has  been  attributed  to  the  presence  of  unfilled  3 d  orbitals  in  iron, 
cobalt,  and  nickel.6  However,  present  theories  relating  electronic  struc¬ 
ture  of  catalysts  to  activity  have  not  been  completely  developed  or 
tested. 


Thermodynamics  of  the  Fischer-Tropsch  Synthesis 
and  Related  Reactions 

In  the  remainder  of  this  chapter  the  thermodynamics  of  the  Fischer- 
1  ropsch  synthesis  and  related  reactions  will  be  discussed.  It  should  be 
emphasized  that  these  data  indicate  only  the  possible  extent  to  which 
the  reactions  can  proceed  as  defined  by  their  equilibrium  constants. 
How  nearly  the  reaction  approaches  equilibrium  depends  upon  the  rate 
oi  leaction  and  elapsed  time,  and  in  flowing  systems  upon  the  rate  and 
space  velocity.  If  two  or  more  reactions  are  thermodynamically  pos¬ 
sible  from  the  same  reactants,  the  products  formed  depend  upon  rates 
ot  the  possible  reactions  and  rates  of  transformation  of  the  products  to 
more  stable  forms.  The  purpose  of  a  catalyst  is  to  accelerate  the  rate 
at  which  one  or  more  of  the  thermodynamically  possible  reactions  ap- 
'T  equilibrium.  The  ideal  catalyst  in  a  system  in  which  several  £ 

the'desired  ^  ^  the  -actions  Producing 

— — 

carbons,  have  been  computed  from  the  thermodynlmicTables  tf  the 

6  D.  A.  Dowden  and  P.  W.  R^noldt ^^164^50  (umu 
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American  Petroleum  Institute,7  which  are  the  best  available  thermal 
data.  The  thermodynamics  of  the  Fischer-Tropsch  synthesis  have  been 
discussed  by  Smith  8  and  Myddleton.9  Only  a  relatively  few  compounds 
were  considered  by  these  authors,  and  some  of  the  results  of  Smith  ap¬ 
pear  to  have  been  based  upon  unreliable  thermodynamic  data,  eg,  the 
equilibrium  constants  for  the  synthesis  of  methanol.  The  thermo¬ 
dynamics  of  the  incorporation  of  methane  in  the  Fischer-Tropsch  re¬ 
action  has  been  discussed  by  Prettre.10  Thermodynamic  results  pre¬ 
sented  in  this  chapter  for  the  synthesis  of  alcohols,  the  reduction  of  oxides 
and  carbides,  and  the  formation  of  carbonyls  represent  what  appear  to 
be  the  best  available  data.  In  the  data  presented  in  this  chapter,  the 
standard  state  of  all  gaseous  components  is  1  atm. 


HYDROGENATION  OF  CARBON  MONOXIDE  AND 

CARBON  DIOXIDE 


Hydrocarbons  from  Carbon  Monoxide  and  Hydrogen 


Reactions  producing  paraffinic  and  oletinic  hydrocarbons  may  be  rep¬ 
resented  by  equations  3 A,  SB,  4 A,  and  4 B,  where  3  and  4  represent 
reactions  yielding  paraffins  and  olefins,  respectively,  and  A  and  B  denote 
reactions  yielding  water  and  carbon  dioxide,  respectively. 


(2  n  +  1)H2  +  nCO  =  C,tH2n+2  +  nH20  (SA) 

2wH2  +  nCO  =  C„H2n  +  nH20  (4A) 

(n  +  1)H2  +  2nCO  =  C„H2n+2  +  nC02  (SB) 

tiH2  +  2nCO  =  C„H2„  +  nC02  (4  B) 


Similar  equations  can  be  written  for  the  production  ot  other  hydro¬ 
carbons  such  as  cyclic  compounds  and  diolefins. 

The  heats  of  these  reactions  are  of  great  practical  interest,  since  t  e 
removal  of  this  heat  from  the  reactor  is  one  of  the  most  difficult  engineer- 
ing  problems  of  the  synthesis.  Heat-of-reaction  data  for  many  of  the 
common  hydrocarbons  at  127°,  227°,  and  427  C  are  gh  en  in  a  e  . 
The  columns  marked  A  contain  data  for  reactions  yielding  water  (6A 
and  4A)  and  columns  marked  B,  carbon  dioxide  (3 B  and  4 B).  The  heat 
evolved  in  reactions  of  type  B  is  about  9  kcal  per  mole  more  negative 


i  F.  D.  Rossini  and  coworkers.  American  Petroleum  Institute,  Research  Project  44. 

National  Bureau  of  Standards. 

s  D.  L.  Smith,  Ind.  Eng.  Chern.,  19,  801  (1927). 

9  W.  W.  Myddleton,  J.  Inst.  Petroleum,  30,  211  (194  ). 

»  M.  Prettre,  Rev.  inst.  franc,  petrole  el  Ann.  combustibles  hqurdes.  2,  131  <1940. 
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per  carbon  atom  of  the  hydrocarbon  product  than  that  of  the  corre¬ 
sponding  type  A  reaction.  The  high  negative  heats  of  reaction  imply 
that  the  equilibrium  constants  decrease  rapidly  with  increasing  tem¬ 
perature. 

Table  3.  Heats  of  Reactions  Yielding  Hydrocarbons  by  Hydrogenation  of 

Carbon  Monoxide 


AH,  kcal 

per  mole  “ 

Hydrocarbon 

Reaction  A  h 

Reaction  B  c 

127°C 

227  °C 

427  °C 

127  °C 

227  °C 

427  °C 

Graphite,  C 

-  31.725 

-  31.981 

-  32.302 

-  41.435d 

-  41.501d 

-  41.353</ 

Methane,  CH« 

-  50.354 

-  51.283 

-  52.703 

-  60.064 

-  60.803 

—  61.754 

Ethane,  C2H6 

-  84.869 

-  86.399 

-  88.584 

-104.289 

-105.439 

-106.686 

Ethylene, 

-  51.684 

-  52.824 

-  54.462 

-  71.104 

-  71.864 

-  72.564 

Acetylene,  C2H2 

-  9.316 

-  9.913 

-  10.817 

-  28.736 

-  28.953 

-  28.919 

Propane,  C3H8 

-121.533 

-123.565 

-126.396 

-150.663 

-152.125 

—  153.549 

Propylene,  C3H6 
Methyl  acetylene, 

-  91.417 

-  93.150 

-  95.606 

-120.547 

-121.710 

-122.759 

C3H4 

-  51.400 

-  52.663 

-  54.483 

-  80.530 

-  81.223 

-  81.636 

n-Butane,  C4H10 

-158.529 

-161.052 

-164.488 

-197.369 

-199.132 

—  200 . 692 

1-Butene,  C4H8 

-127.990 

-130.139 

-133.088 

-166.830 

-  168.219 

-169.292 

n-Hexane,  CjHm 

-232.730 

-236.246 

-240.962 

-290.990 

-  293 . 366 

-295.268 

-263.918 

-284.708 

-232.078 

1-Hexene,  CgHi2 
Cyclohexane,  C«Hi2 
Benzene,  CgHe 

-  202 . 250 
-220.050 
-171.796 

-205.386 

-225.965 

-174.350 

-209.612 

-230.402 

-177.772 

-260.510 

-280.310 

-230.056 

-262.506 

-283.085 

-231.584 

Methyl  cyclohexane, 
C7H14 

Toluene,  C7H8 

-261.865 

-211.748 

-265.787 

-214.862 

-270.614 

-219.047 

-329.835 

-279.718 

-332.427 

-281.502 

-333.971 

-282.404 

n-Octane,  Csllig 
1-Octene,  C(jH16 

-306.630 

-276.200 

-311.148 

-280.248 

-317.126 

-285.816 

-384.310 

-353.880 

-  387 . 308 
-356.408 

-389.534 

-358.224 

n-Decane,  C10H22 
1-Decene,  C10H20 

-380.530 

-350.050 

-386.040 

-355.521 

-393.290 

-361.920 

-477.630 

-447.150 

-481.240 

-450.410 

-483.800 

-452.430 

n-Eicosane,  C20H42 
1-Eicosene,  C20H40 

-750.000 

-719.500 

-760.500 

-729.620 

-774.080 

-742.740 

-  944 . 200 
-913.700 

-950.900 

-920.020 

-955. 10O 
-923.760 

v/ompuiea  irom  data  of  reference  7. 

c  i  inV0JVe8  Vhe  formation  of  hydrocarbon  plus  water. 

Reaction  13  involves  the  formation  r»f  « 

d  This  reaction  f2CO  =  CB  +  C 5  u  hydrocarbon  plus  carbon  dioxide. 

K  ^  ^  ^2)  does  not  involve  hydrogen. 

These  data  are  also  illustrated  by  Figure  1  in  which  i  *  e 
acnon  per  carhon  atom  of  the 
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type  .4  is  plotted  against  temperature.  The  heats  of  reaction  are  not 
very  dependent  upon  temperature.  The  heats  of  reactions  yielding 
saturated  hydrocarbons  per  carbon  atom  decrease  with  carbon  number, 
while  similar  heats  of  reaction  for  olefins  increase  with  carbon  number; 


both  series  approach  limits  near  the  lines  of  C20  paraffins  anil  olefins 
Heats  Of  reasons  of  type  B  may  be  obtained  by  "  of  ^ 

water-gas  reaction  (wg)  to  those  of  reaction  A .  In  I  able  3  and  igu  , 
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heats  of  formation  of  branched-chain  saturated  and  unsaturated  hydro¬ 
carbons  were  not  included,  because  their  heats  ol  reaction  are  neaily 
equal  to  those  of  the  corresponding  straight-chain  isomer. 

To  illustrate  the  magnitude  of  the  heat  of  reaction  the  following  ex¬ 
amples  were  computed  from  data  of  dable  3.  4  he  heat  evolved  in  the 
formation  of  n-decane  and  1-decene  by  reaction  A  and  B  at  200°C,  ex¬ 
pressed  in  kilocalories  per  gram  and  British  thermal  units  per  pound  of 
hydrocarbons,  is  shown  below: 


Reaction 

n-decane 

1-decene 


A 

kcal  per  g 
2.71 
2.53 


A 

Btu  per  Hi 
4,880 
4,500 


B 

kcal  per  g 
3.38 
3.21 


B 

Btu  per  lb 
6,090 
5,780 


The  heat  evolved  in  the  consumption  of  a  cubic  meter  (STP)  of  2H2  + 
ICO  gas  to  form  1-decene  by  reaction  A  is  527  kcal,  and  that  of  a  cubic 
meter  (STP)  of  1H2  -f-  2CO  gas  reacting  to  form  1-decene  by  reaction 
B  is  669  kcal. 

The  method  of  using  Figure  1  is  illustrated  by  the  estimation  of  the 
heat  of  the  reactions  producing  1-nonene  by  reactions  yielding  water 
(A)  and  carbon  dioxide  (B),  at  300°C.  By  interpolating  between  the 
lines  for  1-hexene  (6u)  and  1-decene  (lOu),  the  value  of  AH  per  carbon 
atom  by  reaction  .4  may  be  estimated  as  -36  kcal,  and  the  heat  of  re¬ 
action  (-36)  (9)  =  -324  kcal  per  mole.  For  reaction  B,  the  value  of 
the  water-gas  reaction,  -9.0  kcal,  is  added  to  the  value  of  All  per  car¬ 
bon  atom,  and  this  sum  multiplied  by  9  gives  —405  kcal  per  mole. 

In  Tables  4  and  5  are  given  the  logarithms  of  the  equilibrium  con¬ 
stants  of  the  formation  of  hydrocarbons  by  the  Fischer-Tropsch  syn¬ 
thesis  according  to  reactions  .4  and  B.  The  equilibrium  constants  for 
the  formation  of  paraffinic  hydrocarbons  by  reactions  3 A  and  3 B  are 
defined  as  follows: 


Pc„H2ri+2PnH2o 

Aeq  ~  ^2n+l^n  and 


VrY  p co 


Ke(l  = 


Pc„Hin+2PnCQ2 
Pht'P CO 


respectively,  with  the  partial  pressures  in  atmospheres.  Equilibrium 
constants  for  the  formation  of  other  hydrocarbons  are  defined  in  a  similar 
manner  For  exact  calculations,  fugacities  rather  than  partial  pressures 
should  be  used;  however,  at  low-to-moderate  pressures  (1-30  atm)  such 
as  are  usually  employed  in  the  Fischer-Tropsch  synthesis,  the  errors 
in  induced  by  .rang  partial  pressures  are  quite  small.  The  equilibrium 
constants  for  formation  of  branched-chain  saturated  and  unsaturated 
V  Irocarbons  by  reactions  of  types  A  and  H  usually  do  not  differ  from 
ose  ol  the  straight-chain  isomer  by  more  than  a  factor  of  ten  -  hence 
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no  data  are  given  tor  these  reactions.  It  should  be  noted  that,  in  general, 
a  straight-chain  hydrocarbon  is  somewhat  less  stable  thermodynamically 
than  its  branched  isomers  (see  Table  9). 


Table  4.  Equilibrium  Constants  for  Reactions  Producing  Hydrocarbons 
from  Hydrogen  and  Carbon  Monoxide,  with  Water  as  Oxygenated  Product  ° 


Compound 


Graphite,  C 
Methane,  CH4 

Ethane,  CoHe 
Ethylene,  C2H4 
Acetylene,  C2H2 

Propane,  C'sHs 
Propylene,  C3H6 
Methyl  acetylene, 
C3H4 

Butane,  C4H10 
1-Butene,  C4H8 
Butadiene,  C4H6 

n-Hexane,  CeHu 
1-Hexene,  C6H12 
Cyclohexane,  C6H12 
Benzene,  Cf,H6 

Methyl  cyclohexane, 
C7H14 

Toluene,  C7H8 

n-Octane,  CsHis 
1-Octene,  CgHi6 

n-Decane,  C10H22 
1-Decene,  C10H20 

n-Eicosane,  C20H42 
1-Eicosene,  C20H40 


“  Computed  from 


logio  A'eq 

• 

Temper¬ 
ature  at 
Which 

27  °C 

127°C 

227°C 

327°C 

427°C 

627  °C 

827 °C 

fteq  =  1. 

°C 

15.858 

10.113 

6.633 

4.296 

2.618 

+  0.372 

-  1.061 

671 

24.677 

15.603 

10.060 

6.296 

3.571 

-  0.116 

-  2.496 

620 

37.388 

22. 109 

12.755 

6.417 

1.835 

-  4.356 

-  8.338 

476 

19.839 

10.569 

4.853 

0.973 

-  1.843 

-  5.655 

-  8.115 

358 

-  4.689 

-  6.315 

-  7.364 

-  8.103 

-  8.656 

-  9.426 

-  9.939 

<0 

51.612 

29.688 

16.301 

7.241 

0.697 

-  8.123 

-  13.781 

440 

36.610 

20.171 

10.085 

3.250 

-  1.697 

-  8.378 

-  12.677 

389 

13.714 

+  4.503 

-  1.180 

-  5.053 

-  7.868 

-11.684 

-  14.150 

205 

66.052 

37.482 

20.032 

8.228 

-  0.297 

-11.766 

-  19.121 

423 

50.816 

27.773 

13.667 

4.126 

-  2.767 

-12.055 

-  18.017 

383 

36.854 

18.665 

7.528 

-  0.010 

-  5.457 

-12.795 

-  17.506 

325 

94.931 

52.969 

27.356 

10.049 

-  2.439 

-19.233 

-  29.992 

405 

79.857 

43.404 

21.131 

6.080 

-  4.782 

-19.397 

-  28.765 

379 

89.457 

49.392 

24.903 

8.345 

-  3.600 

-19.652 

-  29.897 

393 

72.525 

41.551 

22.644 

9.873 

+  0.658 

-11.738 

-  19.684 

435 

106.060 

58.857 

30.033 

10.566 

-  3.466 

-22.306 

-  34.338 

399 

89.639 

51.455 

28.154 

12.415 

+  1.061 

-14.212 

-  24.000 

438 

123.611 

68.305 

34.564 

11.775 

-  4.665 

-26.757 

-  40.905 

395 

108.531 

58.738 

28.340 

7.808 

-  7.006 

-26.922 

-  39.677 

376 

152.283 

83.637 

41.770 

13.499 

-  6.890 

-34.283 

-  51.817 

390 

137.203 

74.068 

35.547 

9.530 

-  9.231 

-34.449 

-  50.589 

373 

295. 641 

160.295 

77.802 

22. 190 

-18.019 

-71.913 

-106.376 

378 

280.561 

150.726 

71.578 

18.150 

-20.361 

-72.078 

-105.149 

370 

data  of  reference  7. 


To  illustrate  the  thermodynamics  ot  the  reactions  producing  \aii°us> 
hydrocarbons,  the  standard-state  free-energy  changes  per  carbon  atom 
of  the  hydrocarbon  by  reactions  of  type  /I  are  plotted  against  tempei- 
ature  in'  Figures  2,  3,  and  4.  These  curves  represent  the  tendency  toi 
the  various  reactions  to  occur.  Negative  free-energy  changes  con espond 
to  reactions  with  equilibrium  constants  greater  than  one,  as  given  >y 


Hydrocarbons  from  Carbon  Monoxide  and  Hydrogen 


Table  5.  Equilibrium  Constants  for  Reactions  Producing  Hydrocarbons 
from  Hydrogen  and  Carbon  Monoxide,  with  Carbon  Dioxide  as  Oxygenated 

Product  ° 


Compound 

log  10  E’eq 

Temper¬ 
ature  at 
Which 
A'eq  =  1. 

°C 

27°C 

127°C 

227  °C 

327°C 

427°C 

627°C 

827°C 

Graphite,  C  b 

20.811 

13.283 

8.753 

5.729 

3.573 

+  0.716 

-  1.086 

697 

Methane,  CH4 

29.630 

18.773 

12.180 

7.729 

4.526 

1 . 203 

-  2.521 

643 

Ethane,  C2H6 

47.294 

28.449 

16.995 

9.283 

3.745 

-  3.670 

-  8.388 

516 

Ethylene,  C2H4 

29.745 

16.909 

9.093 

3.839 

+0.067 

-  4.967 

-  8.165 

429 

Acetylene,  C2H2 

5.217 

+  0.025 

-  3.124 

-  5.238 

-6.746 

-  8.740 

-  9.989 

128 

Propane,  C3H0 

66.471 

39.198 

22.661 

11.540 

3.562 

-  7.094 

-  13.856 

483 

Propylene,  C3H6 

51.469 

29.681 

16.445 

7.549 

1.168 

-  7.347 

-  12.752 

449 

Methyl  acetylene, 

C3H4 

28.573 

14.013 

5.180 

+  0.754 

-5.003 

-10.655 

-  14.225 

338 

n-Butane,  C4H10 

85.864 

50. 162 

28.512 

13.958 

+3.523 

-10.394 

-  19.221 

468 

1-Butene,  C4H8 

70.628 

40.453 

22.147 

9.858 

+  1.053 

-10.683 

-  18.116 

441 

1,3-Butadiene,  C.tHfi 

56. 664 

31.345 

16.008 

5.721 

-1.637 

-11.423 

-  17.606 

405 

n-Hexane,  C6H14 

124.649 

71.990 

40.076 

18.644 

3.291 

-17.172 

-  30.142 

453 

1-Hexene,  C6H12 

109.572 

62.425 

33.851 

14.676 

0.948 

-17.336 

-  28.915 

435 

Cyclohexane,  CsHij 

119.173 

68.412 

37.623 

16.940 

2.130 

-17.592 

-  30.047 

444 

Benzene,  CsHe 

102.243 

60.571 

35.364 

18.468 

6.388 

-  9.678 

-  19.834 

494 

Methyl  cyclohexane, 

C7H14 

140.728 

81.047 

44.873 

20.594 

3.221 

-19.902 

-  34.513 

449 

Toluene,  C7H8 

124.307 

73.645 

42.994 

22.444 

7.746 

-11.808 

-  24.175 

494 

n-Octane,  C'sHig 

163.232 

93.665 

51.524 

23.236 

2.977 

-24.013 

-  41.105 

444 

1-Octene,  CsHie 

144.325 

84.099 

45.300 

19.269 

+0.636 

-24.178 

-  39.877 

431 

n-Decane,  C10H22 

201.809 

115.337 

62.970 

27.825 

2.660 

-30.849 

-  52.067 

439 

1-Uecene,  C10H20 

186.729 

105.768 

56.747 

23.856 

0.319 

-31.015 

-  50.839 

428 

n-Eicosane,  C20H42 

394.693 

223.695 

120.200 

50.771 

1.081 

-65.045 

-106.876 

429 

1-Eicosene,  C20H40 

379.612 

214.126 

113.976 

46.802 

-1.257 

-65.210 

-105.649 

425 

a  Computed  from  data  of  reference  7. 


This  reaction  (2C0  =  Cg  +  CO2)  does  not  involve  hydrogen. 


usual  definition,  -  AF°  =  RT  In  Kcq,  where  A F°  is  the  standard-state 
tree-energy  change.  Included  in  Figures  2,  3,  and  4  is  the  free-energy 
change  lor  the  water-gas  reaction.  Free-energy  changes  for  formation 
of  hydrocarbons  by  reactions  of  type  B  are  obtained  by  adding  the  water- 

gas  reaction  curve  (wg)  to  that  for  the  formation  of  that  hydrocarbon 
by  reaction  A. 

The  curves  in  Figures  2-4  approximate  straight  lines,  a  consequence 
near  y  constant  standard-state  enthalpy  and  entropy  changes. 
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The  lines  for  paraffinic  hydrocarbons  (Figure  2)  are  nearly  parallel  and 
approach  a  limit  near  the  line  for  n-e icosane  as  the  molecular  weight  in¬ 
creases.  The  lines  for  mono-olefins  (Figure  3)  have  different  slopes,  and 
as  the  molecular  weight  is  increased  the  lines  shift  in  both  slope  and 


Figure  1-2.  Standard-state  free  energies  of  formation  of  paraffins  by  reactions  of 
type  A  (water  as  the  oxygenated  product),  expressed  as  kilocalories  per  mole  per 
carbon  atom  of  the  hydrocarbon.  Standard-state  free  energies  of  reactions  of  type  B 
(carbon  dioxide  as  the  oxygenated  product)  may  be  obtained  by  adding  the  bee 
energy  of  the  water-gas  reaction  (w.g.)  to  the  free  energies  of  reactions  to  type  A. 


position,  the  line  for  1-eicosene  being  only  slightly  different  from  that 
for  n-e  icosane.  The  free  energies  of  reactions  forming  acetylenic  cli- 
olefinic,  aromatic,  and  alicyclic  hydrocarbons  are  compared  with  those 

of  methane  and  n-e  icosane  in  Figure  4. 

As  an  example  of  the  method  of  using  Figures  2,  3,  and  4,  the  liee- 
energy  changes  and  equilibria  of  reactions  yielding  l-»onene  ac«>nl.ng 
to  reactions  forming  water  (A)  and  carbon  dioxice  (  )  a  . 
estimated  as  follows.  From  Figure  3  by  interpolating  between  the  lines 


Hydrocarbons  from  Carbon  Monoxide  and  Hydrogen  IT 

Gu  and  lOu,  AF°  per  carbon  atom  for  reaction  A  is  estimated  as  —4.0 
kcal ;  this  value  multiplied  by  the  number  of  carbon  atoms  (9)  gives 
-36.0  kcal  per  mole.  For  the  reaction  of  type  B ,  the  value  of  A F°  for 
the  water-gas  reaction  at  300°C  (  —  3.9  kcal)  is  added  to  —4.0  kcal,  to 
give  A F°  =  —7.9  kcal  per  carbon  atom  or  —71.1  kcal  per  mole.  The 
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Figure  1-4.  Standard-state  free  energies  of  formation  of  various  types  of  hydro¬ 
carbons  by  reactions  of  type  A  (water  as  the  oxygenated  product)  expressed  as 
kilocalories  per  mole  per  carbon  atom  of  the  hydrocarbon.  Standard-state  free 
energies  of  reactions  of  type  B  (carbon  dioxide  as  the  oxygenated  product)  may  be 
obtained  by  adding  the  free  energy  of  the  water-gas  reaction  (w.g.)  to  the  tree  energies 

of  reactions  of  type  A. 
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equilibrium  constant  may  then  be  computed  lrom  the  standard  free 
energy  change  as  follows,  ior  reaction  B . 

—  AF°  =  71.1  =  RT  In  Aoq  =  4.6  X  573  logio  Ae q 


and 


Aeq 


1027 


From  the  equilibrium  constants  the  highest  attainable  conversion  of 
hydrogen  and  carbon  monoxide  may  be  computed.  At  a  constant  tem¬ 
perature,  the  conversions  at  equilibrium  for  the  reactions  in  Tables  4 
and  5  increase  with  operating  pressure;  therefore,  it  is  difficult  to  suggest 
any  range  of  values  of  the  equilibrium  constant  below  which  the  equilib¬ 
rium  conversion  is  too  low  to  be  practical.  As  a  rough  approximation,  the 
temperature  at  which  equilibrium  constants  equal  one  (A F°  =  0)  has 
been  taken  as  the  maximum  temperature  for  which  appreciable  con¬ 
versions  may  be  obtained.  These  temperatures  are  given  in  Tables  4 
and  5  and  may  be  estimated  from  Figures  2,  3,  and  4. 

For  the  formation  of  paraffin  hydrocarbons  by  reaction  A,  the  tem¬ 
perature  at  which  Aeq  =  1  decreases  from  620°C  for  methane  to  378°C 
for  n-eicosane,  and  for  reaction  B  the  corresponding  temperatures  are 
643°  and  429°C.  For  olefins  by  reaction  A  these  temperatures  increase 
from  358°C  for  ethylene  to  389°C  for  propylene  and  then  decrease  to 
370°C  for  1-eicosane.  Corresponding  temperatures  of  olefin  formation 
by  reaction  B  are  429°,  449°,  and  425° C,  respectively.  The  temper¬ 
atures  at  which  A'eq  =  1  for  formation  of  1,3-butadiene,  methyl  acety¬ 
lene,  and  acetylene  by  reaction  A  are  325°,  205°,  and  <0°C  and  by  re¬ 
action  B,  405°,  338°,  and  128°C,  respectively.  For  cyclohexane  and 
methyl  cyclohexane,  A^  =  1  at  about  the  same  temperatures  as  n- 
hexane  and  n-heptane.  For  benzene  and  toluene  these  temperatures 
are  435°  and  438°C  for  reaction  A  and  494°  and  494°C  for  reaction  B. 

The  data  in  Tables  4  and  5  and  in  Figures  2,  3,  and  4  may  be  sum¬ 
marized  as  follows: 

1.  Reactions  that  form  carbon  dioxide  (type  B)  have  larger  equilib¬ 
rium  constants  (more  negative  values  of  A F°)  than  corresponding  re¬ 
actions  yielding  water  (type  A)  at  the  same  temperatures.  Thus,  re¬ 
actions  of  type  B  are  thermodynamically  possible  at  higher  temperatures 
than  corresponding  reactions  of  type  A. 


2.  The  free-energy  changes  per  carbon  atom  of  the  hydrocarbon  of 
reactions  forming  methane  are  more  negative  than  those  for  correspond¬ 
ing  reactions  yielding  higher  hydrocarbons.  Below  500°C  the  re 
actions  producing  carbon  (graphite)  are  less  negative  than  those  yield- 

larbons1"6  ‘  m°‘e  "egative  th“  reactions  yieldinS  Mglier  hydro- 
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3.  The  practical  upper  temperature  limit  of  the  formation  of  higher 
hydrocarbons  of  any  type  is  about  500°  C. 

4.  For  molecules  containing  the  same  number  of  carbon  atoms  the 
free  energy  of  the  synthesis  reactions  become  more  negative  in  the 
following  order — diolefins,  mono-olefins,  and  paraffins.  The  formation 
of  sizable  amounts  of  acetylene  is  thermodynamically  impossible  at 
usual  synthesis  temperatures  and  pressures. 

5.  The  formation  of  branched-chain,  cyclic,  and  aromatic  hydro¬ 
carbons  is  thermodynamically  possible. 

6.  The  hydrocarbons  formed  in  the  Fischer-Tropsch  synthesis,  chiefly 
normal  hydrocarbons  and  a-olefins,  indicate  that  the  process  does  not 
proceed  to  the  state  of  lowest  free  energy.  The  course  of  the  reaction 
is  determined  by  the  catalytic  mechanism. 


Hydrogenation  of  Carbon  Dioxide 

The  data  in  Table  6  for  hydrogenation  of  carbon  dioxide  indicate  that 
at  moderate  pressures  it  is  possible  to  produce  paraffinic  hydrocarbons 
at  temperatures  below  350°C  and  olefins  below  about  250°C.  The  free- 
energy  changes  of  these  reactions  are  considerably  less  negative  than 
those  of  hydrogenation  of  carbon  monoxide.  Heats  of  these  reactions 
and  their  standard  free-energy  changes  may  be  estimated  from  Figures 
1—4  by  subtracting  the  contribution  of  the  water-gas  reaction  from  the 
values  estimated  from  the  heat  of  reaction  or  tree-energy  curves  and  mul¬ 
tiplying  by  the  number  of  carbon  atoms  in  the  hydrocarbon.  1  he  tem¬ 
peratures  at  which  &F°  =  0  (/veq  =  1)  are  given  by  the  intersection  of 

Table  6.  Equilibrium  Constants  for  Hydrogenation  of  Carbon  Dioxide  " 


logio  /Veq 


Hydrocarbon 
Methane,  CH4 

127°C 

12.433 

227  °C 

7 . 940 

327  °C 

4.804 

427  °C 

2.610 

Ethane,  C2II6 
Ethylene,  C2H4 

15.769 

4 . 229 

8.515 

0.614 

3.552 

-1.892 

-  0.070 

-  3.753 

Propane,  CsH* 
Propene,  C3H6 

20.178 

10.661 

9.941 

3.720 

2.944 

-1.047 

-  2.109 

-  4.503 

n-Butane,  C4II10 
1-Butene,  C4IE 

24.802 

15.093 

11.553 

5.187 

2.497 

-1.004 

-  4.117 

—  0.588 

n-Decane,  C10H22 
1-Decene,  C10H20 

51.937 

42.307 

20.571 

14.348 

-0.827 

-4.790 

-16.440 

-18.783 

a  Reference  7. 
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the  free-energy  curves  for  the  hydrocarbons  and  that  for  the  water-gas 
reaction.  Despite  the  fact  that  hydrogenation  of  carbon  dioxide  is  pos¬ 
sible  under  most  conditions  of  the  synthesis,  sizable  amounts  of  caibon 
dioxide  are  produced  during  the  hydrogenation  of  carbon  monoxide, 
especially  with  iron  catalysts. 


Hydrogenation  of  Carbon  Monoxide  to  Alcohols 

Table  7  presents  equilibrium  constants  for  the  hydrogenation  of  car¬ 
bon  monoxide  to  alcohols  according  to  the  reaction, 

2nH2  +  nCO  =  CnH2w+1OH  +  (n  -  1)H20  (5) 

The  data  indicate  that  it  is  not  possible  to  produce  sizable  amounts  of 
methanol  at  temperatures  and  pressures  normally  used  for  the  Fischer- 
Tropsch  synthesis  (1-30  atm  and  150°-350°C).  The  values  of  the  equi¬ 
librium  constants  increase  with  the  number  of  carbon  atoms  in  the  al¬ 
cohol,  and  the  temperatures  at  which  the  equilibrium  constants  equal 
one  increase  from  about  260°C  for  ethanol  to  >327°C  for  butanol-1  and 
hexanol-1.  Hence,  sizable  amounts  of  ethanol  and  higher  alcohols  may 
be  obtained  under  usual  conditions  of  the  synthesis. 


Table  7.  Synthesis  of  Alcohols 
2«H2  +-  nCO  =  C„H2n+1OH  +  (n  —  1)H2() 


Alcohol 

Methanol 

Ethanol 

Propanol-1 

Butanol-1 

Hexanol-1 


logio  A'eq 

127°C 

225 °C 

227°C 

250%’ 

300°C 

325 °C 

327°C 

400  °0 

+  9.735  e 
9.909* 
17.968* 
26.012  * 
41.098* 

-2.215“ 

2.826  e 
2.960* 
6.814  * 
10.703* 
17.474  * 

-2.635“ 
-2.801  h 

-3.824  6 

—  1 , 770 

—  4.328  c 

-1.849  e 
-1.747  * 
-0.741  * 
+0.344  * 
1.485  * 

-4.921  d 

—  6,081  ? 

b  ’  ~  - - *  •  went.  hoc.,  56,  1,287  (1934). 

B.  b.  Lacy,  R.  G.  Dunning,  and  H.  H.  Storch,  ibid.,  52  926  (1930) 

\  a  i  ^  “■  *-■ — *  »»  «■» 

ZSm  d“* to ,h' »' *“»'» 

Alcohols  are  produced  in  the  Fischer-Tropsch  synthesis  in  small 
amounts  by  cobalt  catalysts  and  in  larger  amounts  by  iron  catalysts  at 
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moderate  and  high  pressures.  One  may  ask  whether  the  synthesis  of 
hydrocarbons  can  occur  by  the  formation  and  subsequent  dehydration 
of  ethanol  and  higher  alcohols.  The  data  of  Table  8  indicate  that  the 
dehydration  of  ethanol  and  higher  alcohols  is  thermodynamically  pos¬ 
sible  at  synthesis  temperatures.  The  reverse  reactions,  hydration  of 
olefins,  are  not  possible. 

Table  8.  Equilibrium  Constants  for  the  Dehydration  of  Alcohols  ° 

CnH2n+iOH  =  CnH2n  +  H20 


logio  A'eq 


Alcohol 

127°C 

227  °C 

327°C 

Ethanol 

0.9469  6 

1.9957  6 

2.6676  b 

0.6604 

1.8933 

2.7200 

Propanol- 1 

2.2035 

3.2709 

3.9912 

Butanol- 1 

1.7610 

2.9642 

3.7816 

Hexanol-1 

2.3056 

3.657 

4.5954 

a  All  equilibrium  constants  except  part  of  the  data  for  ethanol  were  calculated 
from  approximate  free-energy  equations  of  R.  R.  Wenner,  Chem.  Eng.  Progress,  45, 
194  (1949). 

h  From  data  summarized  by  R.  N.  Pease,  Equilibrium  and  Kinetics  of  Gas  Reac¬ 
tions,  Princeton  University  Press,  1942,  p  79. 

STABILITY  OF  HYDROCARBON  PRODUCTS 

In  this  section  the  thermodynamics  of  reactions  involving  the  hydro¬ 
carbon  products  of  the  synthesis  will  be  considered.  This  discussion  in¬ 
cludes  the  thermodynamics  of  the  decomposition  of  hydrocarbons  to 
carbon  and  hydrogen,  the  relative  stability  of  isomers,  equilibrium  con¬ 
stants  for  hydrogenation  of  olefins,  and  finally  the  possibility  of  foima- 
tion  of  heavier  hydrocarbons  from  lighter  ones  by  polymerization  or 
incorporation  in  the  Fischer- 1  ropsch  synthesis. 

All  hydrocarbons  except  methane  and  ethane  are  thermodynamically 
unstable  with  respect  to  decomposition  to  carbon  and  hydrogen  at  tem¬ 
peratures  above  100°C,  the  free  energy  of  formation  of  methane  and 
ethane  from  the  elements  becoming  positive  at  about  550°  and  200°  C, 
respectively. 

The  equilibrium  constants  for  isomerization  reactions  of  saturated 
and  olefinic  hydrocarbons  usually  do  not  differ  from  one  by  more  than  a 
factor  of  10,  as  shown  in  Table  9.  This  table  contains  equilibrium  con¬ 
stants  for  isomerization  of  n-pentane  and  n- hexane  to  coiresponding 
branched-chain  paraffins  and  for  1-pentene  to  branched  C5  olefins 
Equilibrium  constants  for  the  hydrogenation  of  a-olefins  are  presentee 
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Table  9.  Equilibrium  Constants  for  Isomerization  Reactions  « 


logio  Ke q 

127°C 

227°C 

327  °C 

n-pentane  = 

x-pentane 

2- Methyl  butane 

0.765 

0.560 

0.412 

2,2-Dimethyl  propane  0.366 

-0. 140 

-0.470 

1-pentene  = 

x-pentene 

m-2-Pentene 

0.840 

0.597 

0.427 

fraas-2-Pentene 

1.137 

0.833 

0.631 

2-Methyl- 1-butene 

1.712 

1 . 293 

1.018 

3-Methyl- 1-butene 

0.297 

0. 122 

0.049 

2-Methyl-2-butene 

2.338 

1.729 

1.317 

a-hexane  = 

x-hexane 

2-Methyl  pentane 

0.541 

0.342 

0^208 

3-Methyl  pentane 

0.219 

0.106 

0.037 

2,2-Dimethyl  butane 

0.940 

0.442 

0.124 

2,3-Dimethyl  butane 

0.257 

-0.008 

-0.178 

°  Computed  from  data  of  reference  7. 


in  Table  10.  These  constants  are  sufficiently  high  so  that  olefins  in  the 
Fischer-Tropsch  products  must  be  formed  by  a  primary  process  and  not 
by  a  subsequent  dehydrogenation  of  paraffins.  Similarly,  straight-chain 
paraffins  cannot  be  produced  in  sizable  amounts  by  isomerization  of 
branched  paraffins,  nor  a-olefins  from  their  isomers.  The  presence  of 
chiefly  straight-chain  paraffins  and  large  amounts  of  a-olefins  indicates 
that  these  reaction  products  are  formed  by  primary  processes  and  not 
by  isomerization. 


Table  10.  Equilibrium  Constants  for  Hydrogenation  of  Olefins  <*•  h 


logio  KP q 

Reaction 

27°C 

227  °C 

427  °C 

C2H4  -)-  H2  =  C2H6 

17.549 

7.901 

C3H6  +  H2  =  C3H8 

15.001 

6.215 

2.393 

C4H8  -f-  II2  =  C4HX0 

15.236 

6.365 

2  471 

C6H12  -(-  H2  =  CgHi4 

15.075 

6.225 

2  343 

C10H20  -)-  142  =  C10H22 

15.080 

6.223 

2.341 

“  Computed  from  data  of  reference  7. 

"  A11  data  for  hydrogenation  of  1-olefin  to  n-paraffin. 


We  next  consider  reactions  that  may  occur  between  hydrocarbons 
produced  in  the  synthesis  and  (a)  other  hydrocarbons;  (6)  hydrogen 
yielding  methane  and  a  lower  saturated  hydrocarbon;  and  (e)  hydrogen 
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and  carbon  monoxide  in  the  synthesis.  Equilibrium  constants  for  re¬ 
actions  between  hydrocarbons  are  given  in  Table  11.  Reactions  1-3  of 
this  table  show  that  the  condensation  of  methane  with  saturated  hy¬ 
drocarbons  cannot  occur  to  an  appreciable  extent  at  any  temperature 
used  in  the  synthesis.  Reactions  of  methane  and  olefins  (reactions  4-6) 
are  thermodynamically  favorable  up  to  at  least  227°  C.  Reactions  of 
ethylene  with  higher  saturated  hydrocarbons  (reactions  7-9)  are  thermo¬ 
dynamically  possible  up  to  390°C,  and  reactions  between  two  olefin 
molecules  (reactions  10  and  11)  are  possible  up  to  temperatures  higher 
than  400°  C. 


Table  11.  Equilibrium  Constants  for  Reactions  between  Hydrocarbons'1 


2.  CII4  4-  C4H10 

3.  CH4  +  C8H18 


6.  CH4  +  C8H16 

7.  C2H4  +  C2H6 


11.  C2H4  -f-  C4H8  — 


loglO  ^eq 

Temper- 

ture 

at  Which 
KP„  =  1 , 

on  6 

27°C 

227  °C 

427°C 

°C 

=  C3H8  +  H2 

-10.453 

-6.514 

-4.709 

427 

=  C5II12  +  Ho 

-10.155 

—  6.357 

-4.614 

427 

=  C9H20  +  Ho 

-10.341 

-6.457 

-4.684 

427 

=  c3h8 

+  7.096 

+  1.387 

-1.032 

325 

=  c5h12 

+  5.081 

+0.008 

-2.143 

228 

=  C9H20 

+  4.739 

+0.233 

-2.343 

240 

=  C4H10 

+  8.826 

+2.424 

-0.288 

398 

0  =  C6H14 

-f  9.040 

+2.471 

-0.300 

398 

8  =  C10H22 

+  8.833 

+2.353 

-0.382 

390 

-8 

+  11.139 

+3.960 

+0.919 

521 

=  C6H12 

+  9.202 

+2.611 

-0.172 

410 

>m  data  of  reference  7. 

ions  in  this  table  are  n-paraffins  or  1-olefins. 

Hydrogenation  of  olefins  (Table  10)  is  thermodynamically  possible  at 
all  synthesis  temperatures,  and  the  hydrocracking  of  saturated  hydro¬ 
carbons  (the  reverse  of  reactions  1-3  of  Table  11)  is  also  possible  at  all 
synthesis  temperatures. 

Table  12  presents  data  for  reactions  of  hydrogen  and  carbon  mon¬ 
oxide  with  methane  or  olefins  to  produce  hydrocarbons.  The  tempera¬ 
ture  below  which  the  incorporation  of  methane  (by  reactions  1-6)  is 
thermodynamically  possible  is  higher  the  greater  the  ratio  of  synthesis 
gas  to  methane  consumed.  The  reactions  producing  saturate  y  ro~ 
carbons  are  possible  to  higher  temperatures  than  those  forming  olefins, 
the  incorporation  of  methane  to  yield  saturated  hydrocarbons  being 
possible  up  to  about  350°C.  The  incorporation  of  olefins  to  produce 
saturated  hydrocarbons  is  energetically  possible  up  to  at  least  39o  , 
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and  similar  reactions  that  produce  olefins  are  possible  up  to  at  least 
376° C.  The  incorporation  of  methane  or  olefins  by  reactions  in  which 
carbon  dioxide  is  the  oxygenated  product  is  thermodynamically  possible 
up  to  temperatures  about  50°C  higher  than  by  the  corresponding  re- 
actions  that  yield  water. 


Table  12.  Incorporation  of 

of  THE 


Hydrocarbons  into 
Synthesis  “ 


the  Products 


Tempera- 

ture  at 

log  io  ^eq 

Which 

r 

Aeq  =  li 

Reaction  b 

27°C 

227  °C 

427°C 

°C 

1.  CH4  +  4H2  +  2CO  =  C3H8  +  2H20 

26.935 

6.241 

-  2.875 

349 

2.  CH4  +  3H2  +  2CO  =  C3H6  +  2H20 

11.934 

0.026 

-  5.268 

228 

3.  CH4  +  8H2  +  4CO  =  C6Hi2  +  4H20 

55 . 897 

13.675 

-  4.910 

360 

4.  CH4  +  7H2  +  4CO  =  C5H10  +  4H20 

40.825 

7.466 

-  7.241 

312 

5.  CH4  +  16H2  +  8CO  =  C9H20  +  8H20 

113.270 

28.106 

-  9.348 

363 

6.  CH4  +  15H2  +  8CO  =  C9H18  +  8H.O 

98.190 

21.884 

-11.689 

341 

7.  C2H4  +  5H2  +  2CO  =  C4H10  +  2HaO 

46.214 

15.179 

+  1.547 

>427 

8.  C2H4  +  4H2  +  2CO  =  C4H8  +  2H20 

30.977 

8.814 

+  0.924 

>427 

9.  C2H4  +  17H2  +  8CO  =  Ci0H22  +  8H20 

132.444 

36.916 

-  5.047 

395 

10.  C2H4  +  16H2  +  8CO  =  Ci0H20  +  8H20 

117.364 

30.694 

-  7.388 

376 

11.  C4H8  +  13H2  +  6CO  =  Ci0H22  +  6H20 

101.467 

28.103 

-  4.123 

393 

12.  C4H8  +  12H2  +  6CO  =  CioH20  +  6H20 

86 . 387 

21.880 

-  6.464 

368 

0  Computed  from  data  of  reference  7. 

'  All  hydrocarbons  in  this  table  are  normal  paraffins  and  1-olefins. 


Prettre  10  has  considered  the  incorporation  of  methane  in  the  Fischer- 
Tropsch  process  in  more  detail.  Standard  free-energy  changes  were 
computed  for  the  general  reactions 

(n  -  x)CO  +  (2n  +  1  -  3x)H2  +  xCH4  =  C„H2n+2  +  (n  -  .r)H20 

(6  A) 

and 

2 («  -  *)CO  +  (n  +1  -  2x)H2  +  xCH4  =  C„H2„+2  +  (n  -  x)C02 

(6B) 

% 

and  these  data  lor  various  values  of  n  and  x  are  reproduced  in  Tables 
13  and  14.  At  227° C  with  water  as  the  oxygenated  product,  the  free- 
eneigy  changes  are  negative  until  x  is  about  40  per  cent  of  n.  At  the 
same  temperature  with  carbon  dioxide  as  the  oxygenated  product,  the 
free-energy  change  is  negative  until  x  exceeds  50  per  cent  of  n. 

From  approximate  thermodynamic  data,  Wenner  11  estimated  the 
equilibrium  constants  for  the  production  of  propionaldehyde  and  iso- 
butyraldehyde  by  the  oxo  reaction,  as  shown  by  the  following  equation 

11  It.  It.  Wenner,  Chem.  Eng.  Progress,  46,  200  (1949). 
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for  the  formation  of  propionaldehyde: 


C2H4  +  H2  +  CO  =  C2H5CHO  (7) 

The  estimated  equilibrium  constants  for  the  production  of  propionalde¬ 
hyde  and  isobutyraldehyde  by  the  oxo  reaction  are  6  X  1012  and  2.5  X 
10!l  at  25°C  and  324  and  1.6  at  227°C,  respectively.  Thus,  it  appears 
that  these  reactions  are  thermodynamically  feasible,  even  at  atmospheric 
pressure,  at  temperatures  at  least  as  high  as  200°C.  ' 

Table  13.  Thermodynamics  of  the  Incorporation  of  Methane  into  the 
Fischer-Tropsch  Synthesis  by  Reaction  6Aa 


71 

X 

A//° 

1 

0 

-  45.889 

2 

0 

-  76.321 

0.5 

-  53.377 

1 

-  30.432 

1.5 

-  7.488 

3 

0 

-109.188 

0.5 

-  86.244 

1 

-  63.299 

1.5 

-  40.355 

2 

-  17.410 

4 

0 

-142.940 

0.5 

-119.996 

1 

-  97.052 

1.5 

-  74.108 

2 

-  51.163 

2.5 

-  28.217 

3 

-  5.273 

5 

0 

-176.780 

0.5 

-153.836 

1 

-130.891 

1.5 

- 107.947 

2 

-  85.002 

2.5 

-  62.058 

3 

-  39.113 

10 

0 

-344.690 

1 

-298.801 

2 

-252.912 

3 

-207.023 

4 

-161.134 

5 

-115.255 

6 

-  69.356 

7 

-  23.467 

A  F° 


27  °C 

127°C 

-33.873 

-28.573 

-  51.323 

-  40.465 

-  34.385 

-  26.188 

-  17.450 

-  11.908 

-  0.513 

+  2.370 

-  70.848 

-  54.336 

-  53.911 

-  40.058 

-  36.975 

-  25.779 

-  20.037 

-  11.501 

-  3.101 

-f-  2.778 

-  90.671 

-  68.601 

-  73.734 

-  54.323 

-  56.797 

-  40.044 

-  39.860 

-  25.766 

-  22.923 

-  11.487 

-  5.987 

+  2.791 

+  10.950 

-110.605 

-  82.885 

-  93.668 

-  68.607 

-  76.731 

-  54.328 

-  59.794 

-  40.050 

-  42.857 

-  25.771 

-  25.920 

-  11.493 

-  8.983 

+  2.786 

-209.040 

-153.080 

-175.166 

-124.523 

-141.292 

-  95.966 

-107.418 

-  67.409 

-  73.544 

-  38.852 

-  39.670 

-  10.295 

-  5.796 

+  18.262 

+  18.078 

227  °C 

327  °C 

427°C 

-23.018 

-17.285 

-11.437 

-29.180 

-17.622 

-  5.872 

-17.673 

-  8.979 

-  0.154 

-  6.166 

-  0.336 

+  5.564 

-37.202 

-19.888 

-  2.228 

-25.695 

-11.245 

+  3.490 

-14.188 

-  2.602 

+  9.208 

-  2.681 

+  6.041 

+  8  826 

-45.828 

-22.594 

+  0.956 

-34.321 

-13.951 

+  6.674 

-22.814 

-  5.308 

+  12.392 

-11.307 

+  3.335 

+  0.200 

+  11.978 

-54.300 

-25.190 

+  4,290 

-42.793 

-16.547 

+  10.008 

-31.286 

-  7.904 

+  15.725 

-19.779 

+  0.739 

+  21.444 

-  8.272 

+  9.382 

+  3.235 

+  18.025 

-95.560 

-37.070 

+  22.070 

-72.546 

-19.784 

+33.506 

-49.532 

-  2.498 

+44.942 

-26.518 

+  14.788 

-  3.504 

+32.074 

+  19.510 

527  °C  027  °C 


-  5.512  +478 


+  5.988 
+  8.746 
+  11.504 


+  15.552 
+  18.310 
+21.068 


+  24.636 
+27.394 
+30.152 


+33.940 


°  Prettre;  see  reference  10. 
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Table  14.  Thermodynamics  of  the  Incorporation  of  Methane  into  the 
Fischer-Tropsch  Synthesis  by  Reaction  6 B  ° 


n 

X 

A//° 

A  F° 

27  °C 

127°C 

227  °C 

327  °C 

427°C 

527  °C 

627  °C 

i 

0 

—  55.552 

— 

40.672 

- 

34.376 

- 

27.863 

-21.218 

-14.497 

-  7.732 

-935 

2 

0 

—  95.645 

64.921 

_ 

52.069 

— 

38.880 

-25.486 

-11.990 

+  1.150 

0.5 

-  67.870 

— 

44.585 

— 

34.889 

- 

24.948 

-  14.877 

-  4.742 

+  5.418 

1 

-  40.095 

— 

24.249 

— 

17.710 

- 

11.016 

-  4.268 

+  2.505 

+  9.285 

1.5 

-  12.320 

- 

3.913 

— 

0.530 

+ 

2.916 

3 

0 

-138.177 

91.245 

_ 

71.740 

— 

51.752 

-31.684 

-11.405 

+  8.880 

0.5 

-110.381 

— 

70.909 

— 

54.162 

- 

37.820 

-21.075 

-  4.157 

+  12.755 

1 

-  82.625 

— 

50.572 

— 

37.383 

— 

23.888 

- 10.466 

+  3.090 

+  16.630 

1  5 

54  84^ 

30  230 

20.202 

9  956 

+  0.143 

2 

27  073 

9  899 

3,024 

-f 

3  976 

+  10.752 

4 

0 

-  181.592 

117.867 

91.809 

65.228 

-38.322 

-11.280 

+  15.760 

0.5 

-153.816 

— 

97.531 

— 

74.629 

— 

51.296 

-27.713 

-  4.032 

+  19.631 

1 

-126.040 

— 

77.195 

— 

57.450 

- 

37.364 

-17.104 

+  3.216 

1.5 

-  98.264 

— 

56.859 

— 

40.270 

- 

23.432 

—  6.495 

+  10.465 

2 

-  70.488 

_ 

36.523 

_ 

23.091 

9.500 

+  4.214 

2.5 

-  42.712 

16.187 

5.911 

+ 

4.432 

5 

0 

-  225.095 

144.600 

111.890 

78.550 

-44.850 

-11.005 

+  22.845 

0.5 

-197.319 

- 

124.264 

- 

94.711 

- 

64.618 

-34.241 

-  3.757 

+  26.717 

1 

- 169.543 

- 

103.927 

- 

77.532 

— 

50.686 

-23.632 

+  3.490 

1.5 

-141.767 

- 

83.591 

- 

60.353 

— 

36.754 

- 13.023 

+  10.738 

2 

-113.991 

- 

63.254 

— 

43.174 

- 

22.822 

-  2.414 

+  17.985 

2.5 

-  86.215 

— 

42.918 

— 

25.995 

_ 

8.890 

+  8.195 

3 

-  58.439 

— 

22.581 

_ 

8.817 

+ 

5.042 

+  17.804 

10 

0 

-441.320 

277.030 

211.300 

144.060 

-76.390 

-  8.520 

+59.290 

1 

-385.768 

- 

236.357 

— 

176.741 

— 

116.196 

—  55.172 

+  5.975 

2 

-330.216 

— 

195.684 

- 

142.382 

- 

88.332 

-  33.954 

+  20.470 

3 

—  274.(5(54 

— 

155.01 1 

- 

108.023 

- 

60.468 

-  12.736 

+  34.965 

4 

-219.112 

— 

114.338 

— 

73.664 

— 

32.604 

+  8.482 

5 

-163.560 

73.665 

39.305 

— 

4.740 

+  29.700 

“  Prettre;  see  reference  10. 


THERMODYNAMICS  OF  PROCESSES  RELATED  TO  THE 
FISCHER-TROPSCH  SYNTHESIS 

The  Water-Gas  Equilibrium 

Equilibrium  constants  for  the  water-gas  reaction,  H2  -f  C02  = 

2  ’  are  glven  ln  Tal)le  15.  At  temperatures  below  800°C  the 

equil.br.um  very  much  favors  the  formation  of  carbon  dioxide  and  hy- 
rogen.  Thus,  the  formation  of  carbon  dioxide  from  water  vapor  formed 
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m  the  synthesis  is  thermodynamically  possible,  and  if  water  is  found  in 

the  products,  it  is  due  to  the  slowness  of  the  subsequent  water-gas  re¬ 
action. 

Table  15.  Equilibrium  Constants  for  the  Water-Gas  Reaction 


H2  +  CO2  =  CO  -f-  H2O 


Temper¬ 

ature, 

Lr  V  CO  X  PH2O 

/V  eq  —  .  . 

Ph 2  X  pcoi 

A',.q 

°C 

a 

-1 

h 

127 

6.90  X  10  1 

227 

7.71  X  I0_:< 

327 

3.71  X  I0~2 

427 

0.11 

450 

0. 137 

500 

0.207 

527 

0.247 

000 

0.380 

627 

0.451 

700 

0.624 

727 

0.719 

800 

0.917 

827 

1.04 

"  li.  S.  Kassel,  J.  Am.  Chem.  Soc.,  56,  1,838  (11)34). 
b  P.  H.  Emmett  and  J.  F.  Shultz,  ibid. ,  52,  4,268  (11)30). 


Equilibrium  Constants  for  the  Reduction  of  Oxides  of  Iron, 
Cobalt,  and  Nickel  with  Hydrogen  or  Carbon  Monoxide 

The  thermodynamics  of  the  reduction  of  the  oxides  ol  iron,  cobalt, 
and  nickel  is  of  importance  to  the  study  of  the  Fischer-Tropsch  synthesis 
for  two  reasons:  (a)  all  catalysts  are  reduced  to  some  extent  either  before 
use  in  the  synthesis  or  in  early  stages  of  the  synthesis,  and  ( b )  with  these 
data  it  is  possible  to  predict  the  stable  state  ol  the  bulk  ol  the  catalyst 
in  the  actual  synthesis.  Equilibrium  constants  for  the  reduction  of 
oxides  with  hydrogen  and  carbon  monoxide  are  given  in  Tables  10  and 
17,  respectively.  The  equilibrium  constants  for  the  reduction  of  iron 
oxide  are  of  the  order  of  0.1  per  cent  of  those  of  cobalt  oxide  and  0.01 
per  cent  of  those  of  nickel  oxide.  Ferrous  oxide  does  not  appear  as  a 
stable  phase  below  500°  C.  The  reduction  of  ferric  oxide  to  magnetite 
(for  which  no  data  are  given)  has  higher  equilibrium  constants  and  oc¬ 
curs  more  readily  than  the  reduction  of  magnetite  to  iron.  Reduction  ol 
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oxides  with  carbon  monoxide  or  synthesis  gas  may  be  complicated  by 
the  formation  of  free  carbon  and  carbides. 

The  equilibrium  constants  for  the  reduction  of  cobalt  and  nickel 
oxides  are  sufficiently  large  so  that  metal  is  the  stable  bulk  phase  in 


Table  16.  Equilibrium  Constants  for  the  Reduction  of  Iron,  Cobalt,  and 

Nickel  Oxides  with  Hydrogen 


^eq  =  Pmo/Vm 


Temperature 

,  Iron  " 

Cobalt 

Nickel  c 

°C 

Reaction  A 

Reaction  I) 

Reaction  E 

200 

0.013  d 

110  d 

1,370  d 

227 

0.019  d 

105  d 

1,130  d 

300 

0.044  d 

90  d 

710  d 

327 

0.058  d 

86  d 

620  rf 

335 

85 

400 

0.107 

78  d 

440  d 

427 

0. 129  d 

72  d 

402  d 

450 

67 

485 

330 

500 

0.214 

515 

57 

527 

0.240 

56  d 

290  d 

550 

0.283 

Reaction  R  Reaction  C 

570 

50.5 

600 

0.46J  0.334 

240 

700 

1.16  0.419 

800 

2.35  0.501 

Reaction  A  jFe3()4  -f  II2 

=  4Fe  +  H20 

Reaction  R  Fe304  +  1I2  = 

=  3  FeO  +  H20 

Reaction  C  FeO  +  II2  = 

Fe  +  H20 

Reaction  D  CoO  +  H2  = 

Co  -(-  H20 

Reaction  E  NiO  +  H2  = 

Ni  +  H20 

0  P-  H.  Emmett 
(1933). 


■and  J.  I .  Shultz,  J.  Am.  Chem.  Soc.,  62,  4,268  (1930);  66, 


1,376 


P.  H.  Emmett  and  J.  F.  Shultz,  ibid. ,  61,  3,249  (1929). 
hexagonal  (a)  to  cubic  (/3)  cobalt  at  340°-360°C. 

R.  N.  Pease  and  It.  S.  Cook,  ibid.,  48,  1,199  (1926) 
Interpolated  or  extrapolated  from  experimental  values. 


There  is  a  transition  from 


equilibrium  with  the  gases  normally  encountered  in  the  synthesis  For 
iron  catalysts  the  ratio  of  pHjo/pn2  is  usually  sufficiently  high  in  the 
synthesis  so  that  magnetite  should  be  the  equilibrffim  nhm  !  , 
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exceeds  it  only  at  high  conversions.  Synthesis  gas  containing  only  hy¬ 
drogen  and  carbon  monoxide  is  a  good  reducing  agent  for  iron  catalysts, 
but  as  the  reactants  are  consumed  and  water  vapor  and  carbon  dioxide 
formed,  the  gas  becomes  an  oxidizing  agent. 

Table  17.  Equilibrium  Constants  for  the  Reduction  of  Iron,  Cobalt,  and 

Nickel  Oxides  with  Carbon  Monoxide 

E'eq  =  PC0-2/PC0a 


Temperature, 

Iron 

Cobalt 

Nickel 

°C 

Reaction  A' 

Reaction  D' 

Reaction  E' 

227 

2.46 

1.36  X  104 

1.46  X  105 

327 

1.56 

2.32  X  10s 

1.67  X  104 

427 

1.16 

6.48  X  102 

3.62  X  103 

450 

4.89  X  102  b 

527 

0.97 

2.27  X  102 

1.17  X  103 

570 

1.48  X  102  b 

Reaction  A'  ^FesCb  T  CO  —  3Fe  -4-  CO2 
Reaction  D'  CoO  +  CO  =  Co  +  CO2 
Reaction  E'  NiO  +  CO  =  Ni  +  CO2 


a  All  data  calculated  from  data  in  Tables  15  and  16  except  those  marked  b. 
b  P.  H.  Emmett  and  J.  F.  Shultz,  J .  Am.  Chem.  Soc.,  52,  1,782  (1930). 

The  thermodynamics  of  the  surface  layers  of  atoms  may  be  consid¬ 
erably  different  from  those  of  the  bulk-phase  material.  Almquist  and 
Black  12  and  Brunauer  and  Emmett 13  found  that  surface  oxide  was 
formed  on  iron  catalysts  at  ratios  of  pu2o/pu2  1,000  times  smaller  than 
that  required  to  form  bulk-phase  oxide.  Thus,  iron  Fischer-Tropsch 
catalysts  certainly  have  sizable  amounts  of  surface  oxide,  and  it  is  also 
possible  that  cobalt  and  nickel  catalysts  have  oxidized  surfaces. 


Thermodynamics  of  Carbides  of  Iron 

Three  carbides  of  iron  are  of  interest  in  the  Fischer-Tropsch  syn¬ 
thesis:  hexagonal  Fe2C,  Hagg  Fe2C,  and  cementite  Fe3C.  Between 
300°  and  400°C,  or  possibly  at  even  lower  temperatures,  the  hexagonal 
carbide  decomposes  to  Hagg  carbide,  which  in  turn  decomposes  to 
cementite.  Thus,  the  carbides  and  metal  may  be  arranged  in  the  order 
of  increasing  stability  as 

Fe2C  (hexagonal),  Fe2C  (Hagg),  Fe3C  (cementite),  and  a-Fe 

12  J.  A.  Almquist  and  C.  A.  Black,  J.  Am.  (  hem.  Soc.,  48,  2,814  (1.126). 

13  S.  Brunauer  and  P.  H.  Emmett,  ibid.,  62,  2,682  (1930). 
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Emmett  and  coworkers  14  determined  the  free  energies  of  formation 
of  cementite  and  Fe2C  (Hagg),  these  data  being  presented  in  Tables  18 
and  19.  Enthalpies  of  formation  of  cementite  are  included  in  the  data  of 
Table  18,  as  well  as  comparison  of  free  energies  and  enthalpies  of  forma¬ 
tion  with  those  of  Watase.15  Both  cementite  and  Fe2C  (Hagg)  have 

Table  18.  Free  Energies  and  Enthalpies  of  Formation  of  Cementite 

3Fea  T  Cg  =  FP3C 

A F°,  kcal  A//,  kcal 

Temperature,  , - * - ,  < - * - > 

op  a  b  a  b 


0 

+4.661 

+4 . 48/ 

+5.756 

+5.448 

127 

4.174 

4.043 

6.428 

6.120 

227 

3.542 

3.461 

6.742 

6.434 

327 

2.93 

2.82 

6.839 

6.531 

427 

2.32 

2. 16 

6.781 

6.473 

523 

1.64 

1.51 

6.438 

6.206 

Watase; 

see  reference  15. 

Emmett  and  coworkers;  see 

reference  14. 

Table  19.  Free  Energies  of  Formation  of  Fe2C  (Hagg) 
2Fe«  +  Cg  =  Fe2C  (Hagg)  0 


Temperature, 

A  F°, 

°C 

kcal 

177 

+3.866 

227 

3.821 

327 

3.458 

377 

3.140 

0  Emmett  and  coworkers;  see  reference  14. 


positive  free  energies  of  formation  which  become  less  positive  with  in¬ 
creasing  temperature.  Computation  of  the  standard-state  free-energy 

changes  for  the  formation  of  these  carbides  by  the  reactions 
% 


3Fe  -f-  2CO  —  Fe3C  +  CO2  (g) 

2Fe  +  2CO  =  Fe2C  (Hagg)  +  C02  (9) 

resulted  in  the  values  - 16.57  and  - 12.91  kcal  for  reaction  8  and  -  16  20 
and  12.2/  kcal  for  reaction  9  at  227°  and  327° C,  respectively. 

( 1 9481  •  V  rUISmer’  L'  Sp  Br0W44ing.  and  P.  H.  Emmett,  J.  Chern.  Phys.,  16,  740 
S  (1950);  Br0Wmng’  T-  W-  DeWitt’  and  P-  H-  Emmett,  ./.  d,n.  Chem!  Sol,  72, 


T.  Watase,  J.  Chem.  Soc.  Japan,  54 
(1930). 


110  (1933);  Z.  physik.  Chem.,  147A,  390 
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Emmett  and  coworkers  14  computed  equilibrium  constants  for  the  re¬ 
duction  of  these  carbides  to  paraffinic  and  olefinic  hydrocarbons,  as 
presented  in  Table  20.  The  data  indicate  that  bulk-phase  Fe2C  can  be 
hydrogenated  to  paraffins  of  chain  length  shorter  than  C5  at  227°C, 
while  at  327° C  only  methane  and  ethane  can  be  produced.  Olefinic 
hydrocarbons  cannot  be  produced  in  appreciable  amounts  at  any  of 

Table  20.  Equilibrium  Constants  for  Hydrogenation  ok  Fe2C  (Hagg)  ° 

A.  iiteoC  -f  (n  -(-  l)Ho  =  CnH2n+2  T  2nFe 

B.  wF^C  -(-  rHo  =  CnH2n  T  2/i.Fe 


log  Kp 


Temperature, 

Paraffins 

Olefins 

°C 

n 

Reaction  A 

Reaction  B 

177 

2 

+  4.827 

-  5.19 

4 

2.580 

-  5.28 

6 

0.93 

-  6.80 

8 

-  0.85 

227 

2 

+  2.829 

-  5.07 

4 

0. 184 

-  6.19 

6 

-  2.421 

-  8.65 

8 

-  5.136 

327 

2 

+  0.339 

-  5.11 

4 

-  3.933 

-  8.03 

6 

-  8.190 

-12.16 

8 

-12.58 

377 

2 

-  5.22 

4 

-  8.94 

6 

-14.02 

427 

2 

-  0.67 

4 

-  5.71 

6 

-10.52 

8 

-15.77 

°  Emmett  and  coworkers,  reference  14. 

the  temperatures  considered.  The  authors  suggested  that  Fe2C  (hex¬ 
agonal)  would  probably  have  similar  free  energies  to  the  Hagg  carbide 
and  hence  could  not  be  hydrogenated  to  olefins  and  long-chain  paiaffins. 
Cementite  is  more  stable  than  the  Hagg  carbide,  and  equilibiium  con¬ 
stants  for  its  hydrogenation  to  higher  paraffins  and  olefins  would  be  less 
favorable  than  those  in  Table  20.  It  should  be  noted  that  reaction  of 
paraffin  hydrocarbons  above  C4  and  olefins  with  iron  is  a  possible  method 
of  converting  a  catalyst  to  Hagg  carbide.  The  data  above  preclude  the 
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direct  hydrogenation  of  bulk-phase  carbides  of  iron  as  a  step  in  the 
Fischer-Tropsch  synthesis.  However,  it  is  thermodynamically  possible 
to  incorporate  one  or  more  atoms  of  carbidic  carbon  with  several  eai  bon 
atoms  from  the  reaction  of  hydrogen  and  carbon  monoxide  to  form  a 
hydrocarbon  molecule,  because  the  large  negative  free-energy  change  for 
the  reaction  of  hydrogen  and  carbon  monoxide  is  sufficient  to  make  the 
net  free-energy  change  negative. 


Thermodynamic  Data  of  Volatile  Metal  Carbonyls 

Metal  carbonyls  are  of  considerable  interest  because  removal  of  active 
metal  from  catalysts  by  carbonyl  formation  is  probably  one  of  the 
factors  limiting  the  Fischer-Tropsch  synthesis  to  relatively  low  pres¬ 
sures,  as  compared  with  the  alcohol  synthesis.  Also,  carbonyls  may  pos¬ 
sibly  be  intermediates  in  the  synthesis  of  hydrocarbons.  In  Table  21 
are  listed  the  melting  points  and  decomposition  temperatures  at  at¬ 
mospheric  pressure  of  volatile  carbonyls  and  hydrocarbonyls  of  iron, 


Table  21.  Melting  Points  and  Decomposition  Temperatures  of  Volatile 
Metal  Carbonyls  and  Hydrocarbonyls  a 


Carbonyl 

Melting 

Point, 

°C 

Decomposition 

Temperature, 

°C 

Ni(CO)4 

-25 

60 

[Co(C04)]2 

50 

53 

Fe(CO)5 

-21 

150 

Ru(CO)5 

-22 

-  15 

Co(CO)4H 

-33 

-  33 

Fe(CO)4H2 

-70 

<-33 

a  A.  A.  Blanchard,  Chem.  Revs.,  21,  1  (1937). 


cobalt,  nickel,  and  ruthenium.  The  table  does  not  include  a  number  of 
mown  carbonyls,  such  as  Fe2(CO)9,  having  considerably  higher  melting 
points  The  carbonyls  and  hydrocarbonyls  in  Table  21  decompose  at 
atmospheric  pressure  at  relatively  low  temperatures.  The  equilibrium 
concentration  of  volatile  carbonyls  increases  with  partial  pressure  of 
carbon  monoxide  and  decreases  with  temperature.  Table  22  presents  the 
equilibrium  constants  for  iron  carbonyl,  and  Figure  5  shows  the  equilib- 

nUm  °f  thG  Carbon^  as  a  function  of  temperature  and 

piessuie.  The  solid  curves,  G4-G5,  show  the  equilibrium  percentages 
Of  n-on  carbonyl  vapor  in  carbon  monoxide  at  various  temperatures  and 

16  H.  Pichler  and  H.  Walenda,  Brennstoff-Chem.,  21,  133  (1940). 
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piessuies.  Dotted  curves  Di~D±  represent  the  percentage  of  carbonyl 
coriesponding  to  saturated  carbonyl  vapor.  The  intersections  of  the 
D  and  G  curves  I— 1\  and  the  line  drawn  between  these  points  represent 
the  greatest  concentration  of  carbonyl  that  can  be  found  in  the  gas 

Table  22.  Formation  of  Iron  Pentacarbonyl  ° 


Temperature, 

°C 

Fe  +  5CO 

A  H 

logio  Kp 

=  Fe(CO)5 

=  —54.0  kcal  per  mole 

Temperature, 

°C 

logio  Kp 

100 

-3.53 

250 

-11.38 

150 

-6.77 

300 

-13.06 

200 

-9.32 

350 

-14.48 

°  H.  Pichler  and  H.  Walenda,  reference  16. 


phase,  because  at  this  line  the  pressure  of  the  carbonyl  is  equal  to  its 
vapor  pressure  and  any  additional  carbonyl  will  appear  as  liquid.  The 
sharp  vertical  break  in  this  curve  occurs  at  the  critical  temperature  of 
the  carbonyl.  With  iron  catalysts  tested  at  200°  and  300°C  and  10  atm 


Figure  1-5.  Equilibrium  concentrations  of  Fe(CO)b  at  different  pressures  and 
temperatures.  Reproduced  from  reference  16. 

of  1H2  +  ICO  gas,  the  equilibrium  concentrations  of  iron  carbonyl  are 
10-5  and  10~8  volume  per  cent,  respectively. 

Mittasch  17  determined  the  equilibrium  constants  for  the  formation 
of  nickel  tetracarbonyl.  These  data,  converted  to  Ke q  in  atmospheies, 

n  A.  Mittasch,  Z.  physik.  Chem.,  40,  1  (1902). 
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are  given  in  Table  23.  These  constants  are  about  1,000  times  greater 
than  those  of  iron  pentacarbonyl.  The  equilibrium  constants  ol  both 
iron  and  nickel  carbonyl  are  very  dependent  upon  temperature. 

Table  23.  Formation  of  Nickel  Carbonyl0 
Ni  +  4CO  =  Ni(CO)4 


Temperature, 

°C 

logio  Kp 

20 

3.70 

30 

2.92 

50 

1.60 

70 

0.42 

00 

-0.81 

“  A.  Mittasch,  reference  17. 
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General  Considerations  and  Definitions 


This  chapter  presents  a  review  of  heterogeneous  catalysis.  It  is  not 
an  exhaustive  or  complete  survey  of  the  subject  but  is  designed  to 
acquaint  the  chemist  and  chemical  engineer  with  modern  methods  and 
concepts  of  catalysis.  Where  possible,  metal  or  metal  oxide  catalysts 
similar  or  identical  to  those  used  in  the  Fischer-Tropsch  synthesis  have 
been  selected  as  examples.  The  chapter  also  contains  a  brief  discussion 
of  three  catalytic  reactions:  the  hydrogenation  of  olefins,  the  ammonia 
synthesis,  and  the  synthesis  of  alcohols. 

A  catalyst  may  be  defined  as  a  substance  that  accelerates  the  rate  at 
which  a  chemical  reaction  approaches  equilibrium,  the  catalyst  remain¬ 
ing  relatively  unchanged.  When  several  reactions  are  thermodynam¬ 
ically  possible,  the  nature  of  the  catalyst  and  the  operating  conditions 
determine  the  course  of  the  reaction.  Any  reaction  that  occurs  must  be 
accompanied  by  a  negative  free-energy  change,  but  the  reaction  does  not 
necessarily  yield  the  products  that  are  the  most  stable  thermodynami- 
cally.  Although  the  formation  of  methane  from  hydrogen  and  carbon 
monoxide  at  300°  C  is  accompanied  by  the  greatest  negative  free  change, 


methanol  is  produced  on  zinc  chromite  and  similar  oxide  catalysts,  and 
mixtures  of  paraffinic  and  olefinic  hydrocarbons  are  produced  on  iron, 
cobalt,  nickel,  and  ruthenium  catalysts.  The  term  “selectivity” 
is  used  to  describe  the  ability  of  a  catalyst  to  produce  a  given  set  of 
products  in  a  system  where  other  products  are  also  thermodynamically 

possible. 

The  term  “promoter”  is  defined  as  a  substance  added  to  a  catalyst  to 
improve  its  activity  or  specificity  for  a  given  reaction.  Promoters  may 
or  may  not  be  active  in  the  reaction  by  themselves  and  usually  are 
present  in  relatively  small  amounts.  In  most  cases  when  two  or  more 
active  components  are  present  in  nearly  equal  amounts,  the  term  “mixed 
catalyst”  is  used.  Promoters  may  be  divided  into  two  classes. 

36 
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Structural  promoters.  These  substances  facilitate  the  formation 
of  a  structure  of  high  surface  area  during  the  preparation  or  present¬ 
ment  of  the  catalyst  and  stabilize  such  a  structure  during  use  of  the 
catalyst.  Thus,  reduced  iron  synthetic-ammonia  catalysts  promoted 
with  small  amounts  of  alumina  have  surface  areas  of  10-15  sq  m  per  g, 
whereas  similar  preparations  of  reduced  pure  magnetite  have  areas  less 
than  1  sq  m  per  g.1  Similarly,  reduced  cobalt-thoria  catalysts  have 
areas  of  about  15  sq  m  per  g,  and  similar  preparations  of  pure  cobalt 
about  3  sq  m  per  g.2 

Chemical  promoters.  These  substances  change  the  chemical  nature 
of  the  surface,  thereby  increasing  the  activity  or  selectivity  of  the  cata¬ 
lyst.  They  may  or  may  not  cause  an  increase  in,  or  stabilization  of,  sur¬ 
face  area.  For  example,  potassium  oxide  in  doubly  promoted  synthetic- 
ammonia  catalysts  has  little  influence  on  surface  area,  nor  does  it  have 
any  great  influence  on  activity  in  moderate-pressure  operation  (30  atm). 
However,  this  alkali  increases  considerably  the  catalytic  activity  at 
higher  pressures  (100  atm).  It  has  been  suggested  that  the  alkali  ac¬ 
celerates  the  desorption  of  ammonia,  thus  preventing  its  accumulation 
in  amounts  sufficient  to  inhibit  the  reaction  in  the  higher-pressure  oper¬ 
ation.3  In  the  Fischer-Tropsch  synthesis  with  iron  catalysts,  small 
amounts  of  potassium  carbonate  cause  marked  changes  in  activity  anti 
product  distribution.  At  the  same  temperature  of  testing,  average 
molecular  weight  of  the  products  increases  with  the  amount  of  potassium 
carbonate  at  least  up  to  about  2  parts  per  100  Fe.  The  activity  increases 
with  alkali  content  up  to  about  0.5  part  per  100  Fe,  remains  constant 
from  0.5  to  1.0  part  per  100  Fe,  and  decreases  with  higher  alkali  content  . 
In  this  class  of  promoters  may  be  included  those  that  accelerate  the  pre¬ 
treatment  of  catalysts.  For  example,  copper  is  added  to  precipitated 
cobalt  or  iron  catalysts  to  accelerate  the  rate  of  pretreatment — reduc¬ 
tion  and/or  carburization  in  hydrogen,  carbon  monoxide,  or  gases  con¬ 
taining  both— so  that  these  catalysts  may  be  pretreated  at  considerably 
lower  temperatures.  The  presence  of  copper  in  amounts  up  to  20  parts 
per  100  Fe  in  iron  catalysts  has  no  great  effect  on  either  activity  or 
product  distribution,  but  with  cobalt  catalysts  the  copper  is  deleterious 
to  the  life  of  the  catalyst.4 

Carriers  were  originally  introduced  to  dilute  the  active  components 


1  S.  Brunauer  and  P.  H.  Emmett,  ./.  Am.  Chern.  Soc.,  59,  2,682  (1()37) 

2  R.  B.  Anderson,  W.  K.  Hall,  and  I,  J.  E.  Hofer,  ibid.,  70,  2 465  (1948) 

•  R  rVfTm  in  T7m  RePOrt  0f  the  Committee  0n  Cataly*is>  National  Research 
Council,  John  Wiley  &  Sons,  1940,  p  139. 

U  sL/lCh!r,r’  Sy,'theSiSD°f  Hydr°Carbons  from  Carbo“  Monoxide  and  Hydrogen 
U.  S.  Bur.  Mines  Spec.  Repl.,  1947.  s  ’ 
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and  increase  the  bulk  volumes  of  catalysts  containing  expensive  metals 
such  as  platinum.  Although  carriers  were  at  first  believed  to  be  inert, 
in  some  cases  there  appears  to  be  definite  interaction  between  the  car¬ 
rier  and  the  catalytically  active  substance  which  may  at  least  in  part  be 
responsible  for  the  enhanced  activity  of  the  supported  catalyst.  Visser 
and  deLange  5  have  shown  that  nickel  hydrosilicate  bonds  are  formed  in 
nickel  oxide-kieselguhr  catalysts.  Similar  interaction  may  occur  to  a 
limited  extent  in  cobalt  Fischer-Tropsch  catalysts.2- 6  Perhaps  the  most 
important  function  of  carriers  is  to  provide  desirable  distribution  of 
pores  and  a  suitable  bulk  density  of  the  catalyst.  Some  carriers  act  like 
structural  promoters  in  preventing  excessive  sintering  of  the  active  com¬ 
ponent.  Commonly  used  carriers  include  kieselguhr,  pumice,  infusorial 
earth,  asbestos,  porous  granules  of  silica  or  alumina,  and  a  large  number 
of  other  relatively  inert  porous  solids.  We  shall  include  in  this  classi¬ 
fication  binding  agents  which  act  to  cement  fine  powders  or  granules  of 
low  mechanical  strength  into  particles  sufficiently  hard  for  use  in  cata¬ 
lytic  processes. 


Catalyst  Development  and  Methods  of  Preparation 

Theories  of  catalysis  have  not  developed  sufficiently  so  that  a  catalyst 
for  a  given  reaction  may  be  designed  from  a  consideiation  of  only  the 
bulk-phase  chemical  and  physical  properties  of  the  constituents.  Cer¬ 
tainly  these  data  are  helpful,  but  almost  every  successful  catalyst  has 
been  developed  by  the  trial  and  error  method.  This  involves  both  direct 
experimentation  and  reference  to  similar  experiments  recorded  in  the 
literature.  At  present  there  exists  a  large  body  of  data  on  various 
properties  of  catalysts  and  catalytic  reactions.  From  similarities  of 
catalytic  reactions  and  properties  of  catalysts,  periodic  law,  and  othei 
relationships  between  bulk  properties  of  substances,  it  is  possible  to  direct 
the  search  for  catalysts  into  paths  of  probable  success.  The  develop¬ 
ment  of  most  catalysts  used  in  industrial  processes,  including  those 
for  the  Fischer-Tropsch  synthesis,  has  followed  the  trial  and  error 

method. 

Since  catalytic  reactions  occur  at  the  surface  of  the  catalyst,  it  is  neces¬ 
sary  that  the  catalyst  as  used  in  the  reaction  have  a  moderately  high 
surface  area  which  is  accessible  to  the  reactants.  Thus,  the  method  of 
preparation  should  produce  a  catalyst  that,  after  suitable  pretreatment, 
has  an  active  surface  with  a  moderately  high  and  accessible  area.  I  he 

s  G.  H.  Visser  and  J.  J.  deLange,  Ingenieur  (Utrecht),  58,  24 

e  R.  B.  Anderson,  A.  Krieg,  B.  Seligman,  and  W.  Tarn,  Ind.  Eng.  Chem.,  40,  2,347 

(1948). 
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pretreated  catalyst  should  also  have  sufficient  mechanical  strength  and 
stability  so  that  the  particles  will  remain  relatively  unchanged  during 
their  use  as  catalysts.  The  requirements  of  activity  and  mechanical 
strength  will  vary  considerably,  depending  upon  the  catalytic  leaction 
and  the  type  of  reactor  in  which  the  catalyst  is  employed. 

The  methods  of  preparation  of  metal  or  metal  oxide  catalysts  for  the 
Fischer-Tropsch  synthesis  are  described  in  detail  in  Chapter  3.  They 


are: 

Precipitated  catalysts.  The  hydroxide,  hydrous  oxide,  or  basic 
carbonate  is  precipitated  from  an  aqueous  solution  of  the  active  con¬ 
stituent  and  promoters.  If  carriers  are  used,  they  may  be  added  before 
or  during  the  precipitation  or  may  be  merely  mixed  with  the  moist  pre¬ 
cipitate.  The  precipitate  is  then  filtered,  washed  on  the  filter,  and  dried. 
Many  hydrous  oxides  or  basic  carbonates  are  voluminous  and/ or  ge¬ 
latinous,  and  filtration  and  washing  may  be  difficult.  The  method  and 
extent  of  washing  depend  upon  the  sensitivity  of  the  catalyst  to  adsorbed 
ions.  If  a  carrier  is  used,  the  order  of  addition  must  be  established  by 
catalyst  tests.  Precipitated  catalysts  vaiy  considerably  in  strength 
from  soft  powders  to  hard  glassy  gels. 

Decomposition  catalysts.  Metal  nitrates,  oxalates,  or  other  com¬ 
pounds  mixed  with  promoters,  if  desired,  are  decomposed  to  metal  oxides 
or  metals  by  heating.  The  product  is  a  fine  powder;  if  rigid  granules  are 
desired,  it  is  necessary  to  pellet  this  material  or  to  cement  it  with  a 
binding  agent. 

Impregnated  catalysts.  Solutions  of  metal  nitrates  or  other  soluble, 
easily  decomposed  salts  of  the  metal  and  the  promoters,  if  desired,  are 
used  to  impregnate  porous  granules  of  relatively  inert  material.  The 
impregnated  granule  is  then  heated  to  decompose  the  metal  salt.  The 
mechanical  strength  of  the  catalyst  is  usually  equal  to  that  of  the  porous 
granule. 


Skeletal  catalysts.  An  alloy  of  the  active  metal  and,  for  example, 
aluminum  or  silicon  is  prepared  by  fusion.  The  aluminum  or  silicon  is 
leached  out  with  a  solution  of  sodium  or  potassium  hydroxide,  leaving  a 
skeleton  of  the  active  metal.  These  catalysts  have  sufficient  mechanical 
strength  for  most  processes. 

Fused  catalysts.  These  catalysts  are  prepared  by  fusing  a  mixture 
o  the  oxides  of  the  active  metal  and  promoters.  The  melt  is  crushed 
to  give  granules  of  the  desired  size.  The  granules  have  extremely  low 
surface  areas;  however,  on  reduction  the  surface  area  increases  to  5-15 
sq  m  pei  g.  hese  catalysts  have  high  mechanical  strength. 

Cemented  catalysts.  Oxide  powders,  such  as  are  prepared  by  pre¬ 
cipitation  or  decomposition  methods  or  inexpensive  natural  oxide  ores, 
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may  he  shaped  into  usable  granules  by  impregnation  with  suitable 
binders  and  promoters. 

Powdered  catalysts.  Powdered  oxides  suitable  for  processes  in 
which  the  catalyst  is  suspended  in  flowing  gas  or  liquid  may  be  prepared 
b\  heating  natural  oxide  ores,  by  oxidation  ol  sulfide  ores,  or  by  several 
of  the  previous  methods. 


Methods  of  Studying  Catalysts 

CHEMICAL  ANALYSIS 

Accurate  analytical  data  are  necessary  in  any  systematic  study  of 
catalysts.  It  is  usually  impossible  to  predict  catalyst  composition  from 
ratios  of  materials  used  in  the  preparation.  First,  the  compounds  in 
the  finished  catalyst  may  not  be  known  or  may  be  of  variable  composi¬ 
tion.  Thus,  cobalt  in  precipitated  catalysts  is  present  as  a  basic  car¬ 
bonate  of  variable  composition.  Iron  in  precipitated  catalysts  is  present 
as  hydrous  oxide  containing  variable  amounts  of  water,  and  if  the  solu¬ 
tion  used  in  the  preparation  contains  ferrous  iron,  the  oxidation  state  of 
the  iron  may  be  variable.  Iron  in  fused  and  highly  sintered  catalysts 
only  approximates  Fe304,  the  catalyst  having  widely  varying  ratios  of 
ferric  to  ferrous  iron.  Second,  steps  in  the  preparation  may  not  be  quan¬ 
titative  because  of  incomplete  precipitation  or  volatilization  of  some 
components  in  fusion  or  high-temperature  sintering.  Some  catalysts 
are  poisoned  by  traces  of  impurities,  and  thus  both  the  starting  materials 
and  finished  catalyst  as  well  as  reactants  must  be  free  of  these  poisons. 
Chemical  analysis  is  also  valuable  in  following  changes  in  the  catalyst 
during  pretreatment  and  use  and  can  provide  information  about  the 
average  state  of  oxidation,  carbon  deposition,  accumulation  of  products 
or  poisons,  and  removal  of  active  components. 

X-RAY  DIFFRACTION  METHODS 

X-ray  diffraction  data  provide  information  as  to  the  identity  and 
amount  of  the  various  crystalline  phases  ol  the  catalysts,  as  well  as  in¬ 
formation  about  the  size  of  and  order  in  crystallites,  interplanar  spacings, 
and  in  some  cases  crystal  structure,  etc.  Catalysts  usually  are  studied 
by  powder  diffraction  techniques,  and  samples  of  reduced  or  used  cata¬ 
lysts  for  x-ray  examination  may  be  easily  prepared  without  contamina¬ 
tion  with  air.  Phase  identification  may  be  made  by  comparison  with 
the  powder  patterns  of  known  pure  substances  or  with  published  pat¬ 
terns  of  pure  substances  such  as  those  compiled  in  the  Hanawalt  index 
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cards  of  x-ray  reflections.7  Thus,  it  is  possible  to  identify  the  phases 
present  in  raw,  reduced,  and  used  catalysts,  and  to  follow  changes  in 
these  phases  during  pretreatment  or  use  in  the  catalytic  reaction. 

Quantitative  analysis  of  catalysts  by  x-ray  diffraction  methods  is 
neither  simple  nor  very  accurate  for  several  reasons:  (a)  background 
scattering  (instrumental  and  various  types  of  disorder  in  the  ciystallitcs), 
(6)  line  broadening,  (c)  differences  in  the  reflections  from  various  phases 
due  to  the  difference  of  scattering  power  of  the  constituent  atoms,  ( d ) 
differences  in  reflection  intensities  due  to  the  size  of  the  unit  cell  and 
degree  of  symmetry,  (e)  accidental  interference  of  lines,  and  (/)  fluores¬ 
cent  radiation  from  the  sample  and  difficulties  inherent  in  methods  of 
measuring  intensity  of  lines.  The  use  of  a  highly  crystalline  internal 
standard  with  diffraction  lines  adjacent  to  lines  of  the  phase  to  be  de¬ 
termined  eliminates  some  of  the  uncertainties.  The  amount  of  scattered 
x-radiation  produced  by  a  given  phase  (corrected  for  the  various  effects 
listed  above)  is  a  linear  function  of  its  concentration,  but  the  extent  to 
which  the  scattered  radiation  is  diffracted  into  a  discrete  pattern  is  a 
function  of  the  size  and  degree  of  ordering  of  the  crystallites.  Large 
crystallites  give  sharp,  intense  diffraction  lines,  whereas  small  crystallites 
produce  broad,  diffuse  lines.  In  some  cases  substances  with  very  small 
crystallites,  such  as  amorphous  ferric  oxide  gels,  give  very  broad  dif¬ 
fraction  lines  that  can  hardly  be  distinguished  from  the  background  of 
randomly  reflected  x-radiation.8  Because  many  catalysts  are  prepared 
by  methods  that  form  a  relatively  amorphous,  high-surface-area  struc¬ 
ture,  their  diffraction  patterns  are  weak  and  diffuse,  and  even  the 
identification  of  the  phases  present  may  be  difficult.  A  mixture  of  a 
small  amount  of  crystalline  material  with  a  large  amount  of  nearly 
amorphous  material  may  give  only  the  diffraction  pattern  of  the  crys¬ 
talline  material.  The  intensity  of  the  diffraction  lines  increases  with  the 
atomic  number  of  the  atoms  involved.  In  used  Fischer-Tropsch  cata¬ 
lysts  of  iron,  cobalt,  or  nickel,  lines  characteristic  of  carbon  cannot 
usually  be  distinguished  even  though  it  may  be  present  in  sizable 
amounts.  However,  carbon  present  as  carbides  can  be  identified  since 
the  spacing  between  reflecting  planes  of  metal  atoms  of  the  carbides  is 
usually  different  from  that  of  the  metal.  In  view  of  these  factors,  it 
usually  is  impossible  to  identify  phases  present  in  quantities  less  than  5 
per  cent  unless  they  exist  in  well-formed  microscopic  crystals;  at  best 
the  accuracy  of  quantitative  estimation  is  about  ±3-5  per  cent 


talline 


**  *  '***»*»  *  c*. 


Press,  NewVyTrL“94*r  p022“lligan’  “  CMM  &,W'  I-terscience 


42 


An  Introduction  to  Heterogeneous  Catalysis 

A  fundamental  limitation  of  the  x-ray  diffraction  method  is  that  it 
gives  information  only  about  the  bulk-phase  constituents  of  the  cata¬ 
lyst.  Since  the  catalytic  properties  of  the  material  depend  on  the 
composition  and  structure  of  the  surface,  the  information  of  x-ray  dif¬ 
fraction  is  directly  applicable  only  to  the  extent  that  the  bulk-phase 
structure  influences  the  nature  of  the  surface. 

One  of  the  early  x-ray  studies  of  catalysts  was  that  of  Wyckoff  and 
Crittenden  on  synthetic-ammonia  catalysts.9  They  showed  that  the 
lattice  spacings  of  magnetite  and  a-iron  in  unreduced  and  reduced  fused 
Fe304-Al203-K20  catalysts  were  the  same  as  in  normal  magnetite  and 
a-iron,  respectively.  An  excess  of  ferrous  iron  caused  the  separation  of 
ferrous  oxide  as  a  distinct  phase.  However,  if  an  equivalent  amount  of 
alumina  was  added  to  the  melted  catalyst,  the  ferrous  oxide  phase  dis¬ 
appeared  with  the  formation  of  ferrous  aluminate,  which  is  isomorphous 
and  forms  a  solid  solution  with  magnetite.  The  x-ray  patterns  of  the 
unreduced  catalysts  were  sharp.  Those  of  reduced  catalysts  were  broad, 
indicating  the  presence  of  small  crystallites.  Reduced  catalysts  con¬ 
taining  alumina  gave  broader  diffraction  lines  than  reduced  pure  mag¬ 
netite.  The  resistance  to  sintering  of  the  catalysts  containing  alumina 
was  attributed  to  the  effectiveness  of  uniformly  dispersed  alumina  in 
preventing  formation  of  large  crystals.  This  was  reflected  in  the  me¬ 
chanical  properties  of  the  catalysts:  reduced  pure  magnetite  was  mal¬ 
leable,  but  a  reduced  catalyst  promoted  with  alumina  was  brittle. 

By  x-ray  diffraction  methods,  Weller,  Hofer,  and  Anderson  10  showed 
that  the  bulk-phase  carbide,  Co2C,  was  not  an  intermediate  in  the 
Fischer-Tropsch  synthesis  over  cobalt  catalysts.  Catalysts  used  in  the 
synthesis  gave  the  same  powder  diffraction  pattern  as  freshly  reduced 
catalysts,  namely,  the  pattern  of  disordered  cobalt,  and  showed  no 
evidence  of  cobalt  carbide.  Catalysts  carburized  in  carbon  monoxide 
gave  the  pattern  of  Co2C.  When  the  carbide  was  removed  by  hydro¬ 
genation  at  200°  C,  the  diffraction  pattern  of  a-Co,  rather  than  that  of 
disordered  cobalt,  was  found.  Since  the  used  catalyst  showed  only  the 
disordered  cobalt  pattern,  it  was  concluded  that  bulk-phase  Co2C  had 
never  been  present  in  the  catalyst.  The  data  do  not  preclude  the  pos¬ 
sibility  that  cobalt  carbide  present  in  a  few  layers  at  the  catalyst  surface 
may  be  an  intermediate  in  the  synthesis. 

X-ray  studies  of  iron  synthetic-ammonia 9  and  cobalt  Fischer- 
Tropsch  catalysts11  have  shown  no  very  large  alterations  of  lattice 
parameters  of  active  components  as  compared  with  those  of  the  bulk- 

9  R.  W.  G.  Wyckoff  and  E.  D.  Crittenden,  J.  Am.  Chern.  Soc.,  47,  2,866  (1925). 

i°S.  Weller,  L.  J.  E.  Hofer,  and  R.  B.  Anderson,  ibid.,  70,  799  (1948). 

11  L.  J.  E.  Hofer  and  W.  C.  Peebles,  ibid.,  69,  893,  2,497  (1947). 
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phase  materials.  However,  for  catalysts  in  which  solid  solution  or  com¬ 
pound  formation  occurs,  considerable  alteration  of  the  lattice  parameters 
has  been  observed  (see  this  chapter,  p  99,  work  of  Frohlich). 

In  determining  average  crystallite  size  from  line  broadening,  the 
following  equation  is  usually  used : 


d  cos  9 

where  0  is  the  line  breadth  usually  measured  at  half  maximum  intensity, 
X  is  the  wave  length  of  x-rays  used,  9  is  the  Bragg  angle  of  the  line,  d  is 
the  crystallite  diameter,  and  k  is  a  constant  about  equal  to  one.  The 
breadth  of  the  diffraction  line  /3  may  be  defined  by  V B„~  -  Bs,  where 
Bm  and  Bs  are  the  breadths  at  half  maximum  intensity  of  the  diffraction 
line  of  the  sample  being  studied  and  of  a  nearby  line  of  a  standard  sub¬ 
stance  known  to  have  crystallites  larger  than  1 .000  A  in  diameter,  re¬ 
spectively.12  It  should  be  noted  that  these  are  average  diameters  of 
crystallites  and  may  or  may  not  be  the  same  as  average  particle  di¬ 
ameters.  This  is  illustrated  in  Table  1  by  data  of  Alexander  and  Rum¬ 
mer,13  in  which  average  crystallite  size  determined  by  the  line  broadening 


Table  1.  Comparison  of  Average  Crystallite  Size  from  X-Ray  Line 
Broadening  with  Average  Particle  Size  from  Gas  Adsorption 


MgO  heated  at  (500  °C 
MgO  heated  at  900°C 
Ni  catalyst 
Fe  from  iron  carbonyl 


Line  Broadening  Method 
Av  Crystallite  Size,  A 
140 
395 
57 
70 


Gas  Adsorption  Method 
Av  Particle  Size,  A 
220 
1 ,570 
122 

21 .000  « 


°  Average  particle  size  by  microscopic  examination,  25,000  A. 


method  was  compared  with  average  particle  size  from  surface  areas  de¬ 
termined  by  the  gas  adsorption  method.  It  appears  that  the  particles 
of  magnesia  heated  at  900°C  and  the  iron  from  carbonyl  contain  many 
crystallites.  In  all  cases  the  crystallite  size  was  smaller  than  the  particle 
size.  The  methods  of  estimation  of  crystallite  size  from  line  broadening 
have  been  discussed  by  Birks  and  Friedman.14 


Recently,  studies  of  the  scattering  of  x-rays  at  small  angles  from  the 
incident  beam  have  been  used  in  determining  the  size  of  particles  in 
catalysts.  The  small-angle  diffraction  is  caused  by  the  larger  spacings 


42  B.  E.  Warren,  J.  Applied  Phys.,  12,  375  (1941). 

o  Y  o  lena?der  and  E'  Kummer>  ibid;  to  be  published. 
L.  b.  Birks  and  H.  Friedman,  ibid.,  17,  087  (1947). 
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in  the  catalysts,  and  this  has  been  related  to  the  particle  size  and  pore 
distribution.  Although  at  present  the  method  is  somewhat  difficult  and 
the  interpretation  of  the  data  is  possibly  uncertain,  in  several  instances 
remarkably  good  agreement  has  been  found  with  average  particle  size 
and  surface  area  predicted  by  the  gas  adsorption  method.16 


ELECTRON  DIFFRACTION  AND  MICROSCOPY 


In  1925,  deBroglie  16  suggested  that  electrons  and  other  particles  have 
wave  properties  as  defined  by  the  equation  X  =  h/p,  where  X  is. the  wave 
length  of  the  particle,  p  its  momentum,  and  h  Planck’s  constant.  In 
1926,  Davisson  and  Germer  17  and  Thomson  and  Reid  18  demonstrated 
that  electrons  are  reflected  from  the  surfaces  of  crystals  in  a  manner 
similar  to  x-rays.  Thin  metal  foils  produced  electron  diffraction  patterns 
similar  to  those  of  x-ray  diagrams.  The  wave  length  from  electron  waves 
in  angstrom  units  is  given  by  X  =  150.04/F,  where  V  is  the  accelerating 
potential  in  volts.  Electron  diffraction  patterns  are  similar  to  corre¬ 
sponding  x-ray  diffraction  patterns,  and  the  lattice  spacings  calculated 
from  the  Bragg  law  are  the  same. 

Since  electron  beams  penetrate  only  very  short  distances,  probably 
about  1 ,000  A,  electron  diffraction  is  a  method  of  studying  the  material 
near  the  surface  of  a  catalyst.  Extensive  studies  of  evaporated  films 
have  been  made  by  Finch,19  Beeck,20  and  others.  It  is  also  possible  to 
obtain  electron  diffraction  patterns  of  finely  crushed  granules  ol  cata¬ 
lysts,  the  pattern  resulting  from  penetration  and  diffraction  about  the 
edges  of  the  particles.  In  used  Fischer-Tropsch  catalysts 21  it  is  neces¬ 
sary  to  remove  adsorbed  hydrocarbons  by  solvent  extraction ;  otherwise, 
the  electron  diffraction  pattern  will  be  that  of  the  adsorbed  hydrocarbon. 
In  Figure  1  are  shown  electron  diffraction  patterns  ol  a  used  iron  Fischer- 
Tropsch  catalyst  before  and  after  extraction  in  benzene.  Diffraction 
pattern  la  corresponds  to  that  of  the  adsorbed  hydrocarbon,  and  pattern 


>5  C.  G.  Shull  and  L.  C.  Roess,  ibid.,  18,  295  (1947);  H.  L.  Ritter  and  L.  C.  Erich, 
Anal.  Chem.,  20,  665  (1948). 

16  L.  deBroglie,  Phil.  Mag.,  47,  446  (1924). 

17  C.  Davisson  and  L.  H.  Germer,  Phys.  Rev.,  30,  705  (1927). 

18  G.  P.  Thomson  and  A.  Reid,  Proc.  Roy.  Soc.  ( London )  (A),  117,  GOO  (1928);  119, 

651  (1928).  „ 

19  G.  I.  Finch,  ibid.,  141,  414  (1933);  145,  676  (1934);  Trans.  Faraday  Soc.,  31,  lOol 

20  o.  Beeck,  A.  E.  Smith,  and  A.  Wheeler,  Proc.  Roy.  Soc.  ( London )  (A),  177,  62 
(1940). 

21  J.  T.  McCartney,  R.  B.  Anderson,  B.  Seligman,  and  J.  Lecky,  Electron  Diffrac¬ 
tion  Patterns  of  Fischer-Tropsch  Catalysts,  J.  Chem.  Phys.,  to  be  published. 


Electron  Diffraction  and  Microscopy 

lb  is  that  of  magnetite.  Particular  care  must  be  taken  to  prevent  oxida¬ 
tion  of  metal  catalysts  in  preparation  and  introduction  ot  the  samp  e 
into  the  diffraction  apparatus. 

The  electron  microscope  has  increased  the  range  of  magnification  to 
greater  than  100,000  diameters,  these  high  magnifications  being  possible 
because  of  the  short  wave  length  of  electrons.  This  instrument  is  ex¬ 
cellent  for  examining  submicroscopic  powders,  but  some  difficulty  is  ex¬ 
perienced  in  handling  granular  catalysts.  In  some  cases  it  is  possible 


(a)  Before  removal  of  wax.  ( b )  After  removal  of  wax. 

Figure  2—1.  Electron  diffraction  patterns  of  used  iron  catalysts:  (a)  diffraction 
pattern  of  adsorbed  wax,  and  ( b )  diffraction  pattern  of  Fe304.  Unpublished  U.  S. 

Bureau  of  Mines  data. 


b\  gentle  crushing  to  obtain  particles  fine  enough  for  electromicroscopic 
examination  without  changing  the  structure  of  the  catalyst  too  seriously. 

1  uikevich  -  and  Shekter,  Roginskii,  and  Isaev  23  have  presented  elec¬ 
tron  micrographs  of  various  catalysts.  Anderson,  McCartney,  Hall, 
and  Hofer24-25  have  published  micrographs  of  kieselguhrs  as  shown  by 
figure  2 a,  b,  c,  d,  and  e  at  magnifications  of  2,000  and  20,000  diameters 
and  have  related  the  micrographs  to  surface  areas  and  densities  of  the 
kieselguhrs.  It  is  interesting  to  note  that  most  of  the  fine  structure 
evident  at  a  magnification  of  20,000  times  is  not  apparent  at  2,000. 


22  J.  Turkevich,  ibid.,  13,  235  (1945). 

21  A.  Shekter,  S.  Roginskii,  and  B.  Isaev 
(1945). 


Acta  Physicochim. 


3MR018  awtr"’  J  T'  McCartney'  K-  l,»“.  L-  E.  Hofei 


U.Ii.S.S.,  20,  117 
hid.  Eng.  Chem., 


25  H.  H.  Storch,  It.  B.  Anderson.  L.  J.  E  Hofer  C  ()  h.,v,,i-  u  n  a  a 
N.  Oolumbie,  V.  S.  Bar.  Mines  Tech .  Paper  7M  '(,948),  213 tp  rSO"' 
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Figure  2-2.  Electron  micrographs  of  kieselguhrs  and  a  cobalt  Fischer-Tropsch 
catalyst:  (a)  Filter-Cel  kieselguhr;  (b)  flux-calcined  Hyflo  Super-Cel;  (c)  and  (d) 
Dicalite  911  kieselguhr;  (e)  German  kieselguhr;  and  (/)  cobalt-thona-kieselguhr 
catalyst.  Reproduced  by  permission  from  reference  24. 
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In  Figure  2/  is  shown  an  electron  micrograph  of  an  unreduced  cobalt- 
thoria-kieselguhr  catalyst.  The  micrograph  shows  clusters  of  the  cobalt 
basic  carbonate-thoria  complex  covering  and  filling  particles  of  kiesel- 
guhr;  it  also  shows  cobalt  complex  and  kieselguhr  particles  which  prob¬ 
ably  became  separated  in  crushing  the  catalyst  particle  into  a  powder 
during  preparation  of  the  sample  for  microscopic  examination.  The 
outlines  of  the  clumps  of  cobalt  basic  carbonate-thoria  complex  were 
feathery,  indicating  that  the  surface  area  of  this  part  of  the  catalyst  was 
considerably  higher  than  that  of  the  kieselguhr;  this  observation  is  in 
agreement  with  surface-area  measurements  by  the  gas  adsorption 
method. 

MAGNETIC  METHODS 


Usually  no  direct  relationship  exists  between  magnetic  properties  and 
catalytic  activity.  An  important  exception  is  the  para-  to  orth o-hydrogen 
conversion  which  is  catalyzed  by  para-  or  ferromagnetic  surfaces  as  well 
as  by  atomic  adsorption  of  hydrogen.  The  magnetic  properties  of  cata¬ 
lysts  may  be  used  for  qualitative  and  quantitative  determination  of 
phases  present  and  for  the  determination  of  the  structure  of  catalysts. 
Selwood  26  has  reviewed  the  magnetic  studies  of  catalysts.  Only  the 
thermomagnetic  analysis  of  ferromagnetic  components  of  catalysts  will 
be  described  in  this  section. 

Substances  may  be  divided  into  three  classes,  based  upon  their  be¬ 
haviors  in  magnetic  fields.  In  an  inhomogeneous  magnetic  field  a  dia¬ 
magnetic  substance  tends  to  move  to  the  lowest-intensity  portions  of  the 
field,  while  para-  or  ferromagnetic  materials  tend  to  move  to  the  highest- 
intensity  portions  of  the  field.  The  force,  F,  on  a  substance  in  an  in¬ 
homogeneous  magnetic  field,  with  a  field  gradient  of  dH/dx,  is  given  by 


dll  dH  dll 

F  =  via  —  =  mxH  —  =  M  — 

ax  dx  dx 


(2) 

where  <7  is  the  specific  magnetization,  m  is  the  mass,  x  the  magnetic 
susceptibility  (x  =  a/H),  and  M  the  magnetic  moment.  The  magnetic 
susceptibility  of  diamagnetic  substances  is  independent  of  both  temper- 
a  ure  and  field  intensity;  the  magnetic  susceptibility  of  paramagnetic 
materials  varies  inversely  with  temperature.  Thus,  for  dia-  and  para 
agnetui  substances,  the  magnetic  susceptibility  is  a  useful  quantity. 
.  .,  ^e,C!  c  maSnet1zation  for  ferromagnetic  substances  depends  uDon 

th°  fie,d  ;:nnH ty  and  tem,rature  in  *  —  wC 

the  field  strength  is  increased  from  zero,  the  specific  magnetization  in" 
2’  P.  W.  Selwood,  Chem.  Revs.,  38,  41  (1946). 
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creases  enormously  and  approaches  a  constant  saturation  value,  a,,  as 
t  he  field  strength  is  further  increased.  This  saturation  value  is  charac¬ 
teristic  of  the  ferromagnetic  material  at  a  given  temperature.  When  the 
field  is  decreased,  the  well-known  hysteresis  phenomenon  is  observed. 
Ferromagnetism  is  not  an  atomic  property,  but  is  a  cooperative  or  “do¬ 
main”  effect  due  to  t  he  interaction  of  a  group  of  atoms  or  molecules.  The 
minimum  size  of  a  ferromagnetic  particle  has  been  determined  to  be 
10—12  A  tor  iron  ~7  and  30—40  A  tor  y-Fe203.28  All  ferromagnetic  sub¬ 
stances  becomes  paramagnetic  when  the  temperature  is  increased  above 
the  “Curie  Point,”  which  may  be  defined  as  the  steepest  portion  or  point 
of  inflection  of  the  thermomagnetic  curve.  Although  many  properties 
of  ferromagnetic  substances  are  functions  of  the  method  of  preparation, 
impurities,  and  previous  magnetic  history,  the  Curie  Points  usually  are 
constant. 

For  magnetic  analysis  of  ferromagnetic  materials,  modifications  of 
the  Fereday  balance  as  described  by  Buehl  and  Wulff 29  and  modifica¬ 
tions  of  the  Mathieu  balance  as  described  by  Pichler  and  Merkel 30  have 
been  used.  The  force  on  a  sample  placed  in  an  inhomogeneous  magnetic 
field  is  measured,  the  force  exerted  being  related  to  the  specific  mag¬ 
netization  by  equation  2.  Since  the  magnetic  moment  is  a  function  of 
field  strength  as  well  as  temperature,  it  is  necessary  to  compare  mag¬ 
netic  moments  at  the  same  temperature  and  at  equal  field  intensity  or 
high  intensity  where  the  magnetic  moment  has  reached  its  saturation 
value. 

Qualitative  analysis  of  ferromagnetic  catalysts  is  based  upon  identifica¬ 
tion  of  Curie  Points.  The  stability  of  ferromagnetic  phases  is  important 
in  the  interpretation  of  thermomagnetic  curves.  For  example,  the  Fe2C' 
carbides  decompose  to  an  appreciable  extent  at  the  temperatures  given 
below. 


Fe2C  (hexagonal) 


355°C 
- > 


Fe2C  (Hagg) 


510°C 
- > 


Fe3C  +  C 


(3) 


At  higher  temperatures  oxides  of  iron  may  react  with  free  carbon  or 
carbides  to  form  metallic  iron.  Quantitative  analysis  is  possible  from 
thermomagnetic  curves.  Although  there  are  some  uncertainties,  the 
magnetic  method  of  analysis  of  iron  catalysts  is  usually  more  accurate 
than  quantitative  estimation  of  phases  from  x-ray  diffraction  patterns 
or  chemical  analysis.  If  two  or  more  magnetic  phases  are  present,  the 
magnetic  moment  may  be  expressed  as  M  =  2 nriiOi.  For  quantitative 


27  H.  Konig,  Naturwiss.,  33,  71  (1946). 

28  It.  Haul  and  T.  Schoon,  Z.  Elektrochem.,  46,  663  (1939). 

22  R.  Buehl  and  J.  Wulff,  Rev.  Sci.  Instruments,  9,  224  (1938). 
m  H.  Pichler  and  H.  Merkel,  U.  S.  Bur.  Mines  Tech.  Paper  718  (1949),  108  pp. 
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analysis  the  magnitude  of  the  magnetic  moment  and  its  dependence 
upon  temperature  are  determined  on  pure  phases.  I  he  contribution  o 
each  phase  is  extrapolated  from  its  Curie  Point  to  a  reference  tempeia- 
ture,  as  shown  in  Figure  3  for  a  used  iron  catalyst  containing  chiefly 
magnetite  and  Fe2C  (Hagg).31  This  method,  of  course,  can  be  used  only 


Figure  2-3.  Thermomagnetic  curve  of  a  used  iron  Fischer-Tropsch  catalyst  con¬ 
taining  Hagg  Fe2C  and  magnetite.  The  contribution  of  Hagg  carbide  to  the  total 
magnetic  moment  is  estimated  from  the  dotted  extrapolation  of  the  curve  above 
300°C  to  some  lower  reference  temperature.  Reproduced  from  reference  31. 


in  temperature  ranges  in  which  reactions  of  magnetic-phase  decomposi¬ 
tion  or  formation  do  not  occur.  If  such  reactions  occur,  interpretation 
of  the  data  is  more  complicated  and  demands  a  thorough  knowledge  of 
the  solid-phase  reactions. 


DENSITIES  OF  CATALYSTS 

Three  types  of  density  are  used  in  the  study  of  catalysts: 

Real  density.  This  is  determined  by  displacement  of  helium  or  an 
inert  liquid  and  is  the  actual  average  density  of  the  material  comprising 

31  L  J’  R  Hofer  and  E.  M.  Cohn,  Anal.  Chem.,  22,  907  (1950). 
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the  catalyst.  Usually  helium  density  is  preferred  because  the  small  di¬ 
ameter  ol  the  helium  atom  permits  it  to  penetrate  very  small  pores  and 
because  the  sample  is  not  contaminated  and  can  be  used  in  subsequent 
experiments.  In  catalysts  with  only  a  few  components  these  real  den¬ 
sities  can  be  used  to  check  composition  of  catalysts  as  determined  by 
chemical  analysis  and  x-ray  diffraction,  the  average  density  p  being 
computed  by  p  =  2/tpt-,  where  /*  and  pi  are  the  volume  fraction  and 
density  of  component  i. 

Bulk  density.  This  is  determined  by  measuring  the  weight  of  cat¬ 
alyst  that  can  be  packed  into  a  unit  volume.  Bulk  densities  are  some¬ 
what  arbitrary,  depending  upon  the  size  of  the  vessel  used  and  the 
method  of  packing  into  the  vessel.  For  comparative  data  the  same 
vessel  (usually  a  graduate  cylinder)  is  used,  and  the  samples  are  tapped 
an  equal  number  of  times  to  produce  a  similar  degree  of  packing.  From 
bulk  densities  the  weight  of  catalyst  that  will  pack  into  a  reactor  can  be 
computed. 

Mercury  density.  Mercury  will  not  wet  most  catalytic  substances, 
and  a  pressure,  p,  is  required  to  force  the  mercury  into  capillaries  with 
openings  of  radius,  r,  against  the  surface  tension  of  mercury,  a,  as  given 
by  the  capillary  depression  equation  for  cylindrical  pores: 

2 cr  cos  6 

r  =  -  (4) 

P 

where  6  is  the  angle  of  wetting.  Ritter  and  Drake  32  used  140°  as  the 
value  for  6.  At  atmospheric  pressure  mercury  will  penetrate  only  pores 
with  openings  larger  than  5  microns.  Determination  ol  mercury  den¬ 
sities  at  atmospheric  pressure  is  simple  and  provides  useful  data  regard¬ 
ing  the  pore  structure.  More  elaborate  experiments  in  which  mercury 
densities  are  determined  at  pressures  up  to  10,000  psi  provide  a  distribu¬ 
tion  curve  for  pores  with  openings  as  small  as  107  A  in  diameter. 

The  pore  volume  is  defined  as  the  difference  of  the  reciprocals  of  the 
mercury  and  helium  densities,  and  it  represents  the  volume  of  pores  not 
penetrated  by  mercury,  ie,  pores  with  openings  smaller  than  those  pie- 
dicted  by  equation  4.  The  difference  of  the  reciprocals  ol  the  bulk  and 
mercury  densities  is  the  volume  of  pores  penetrated  by  mercury  plus 
the  void  space  between  the  catalyst  particles.  Data  on  mercury  anti 
helium  densities  of  cobalt  Fischer-Tropsch  catalysts  are  discussed  on 

pp.  66-71. 

32  h.  L.  Ritter  and  L.  C.  Drake,  Ind.  Eng.  Chem.,  Anal.  Ed.,  17,  782,  787  (1945). 
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PHYSICAL  ADSORPTION  AS  A  METHOD  OF  ESTIMATING 

SURFACE  AREA 


Studies  of  the  adsorption  of  gases  and  vapors  on  catalysts  have  yielded 
valuable  information  about  catalytic  processes,  and  in  the  next  four 
sections  adsorption  experiments  will  be  described.  Adsorption  processes 
may  be  divided  into  two  tj^pes,  physical  adsorption  and  chemisorption. 
Physical  adsorption  involves  van  der  Waals  forces  and  is  non-specific, 
occurring  on  all  surfaces  in  a  more  or  less  similar  manner.  The  amount 
of  physical  adsorption  is  very  small  above  the  critical  temperature  of 
the  adsorbate.  Below  the  critical  temperature  physical  adsorption  may 
be  regarded  as  an  “enhanced”  condensation  of  the  adsorbate,  and  layers 
several  molecules  in  depth  may  form  upon  the  surface.  Usually,  the 
heats  of  physical  adsorption  are  less  than  twice  the  heat  of  liquefaction 
of  the  adsorbate.  Physical  adsorption  is  usually  rapid  and  reversible. 
On  the  other  hand,  chemisorption  involves  high  heats  of  adsorption  of 
the  order  of  magnitude  of  the  formation  of  chemical  bonds.  Chemisorp¬ 
tion  is  specific  and  forms  no  more  than  a  monolayer  on  the  surface.  The 
rates  of  chemisorption  vary  from  very  rapid,  so  that  the  process  appears 
to  be  instantaneous,  to  very  slow.  Slow  chemisorption  has  been  termed 
“activated  adsorption”  by  Taylor.33  In  most  cases  chemisorption  is  ir¬ 
reversible. 


Since  catalytic  reactions  occur  at  surfaces,  the  determination  of  the 
extent  and  accessibility  of  the  surface  is  important.  If  the  chemical 
nature  and  the  accessibility  of  the  catalyst  surface  are  the  same  for  a 
series  of  catalysts,  the  activity  should  be  directly  proportional  to  the 
surface  area.  Most  methods  of  estimating  surface  area  by  adsorption 
of  gases  involve,  first,  a  way  of  determining  the  number  of  gas  molecules 
corresponding  to  a  monolayer  and,  second,  an  estimate  of  the  cross- 
sectional  area  of  the  adsorbed  molecules. 

Determination  of  surface  areas  from  chemisorption  data  is  of  un- 
certam  accuracy,  because  it  is  difficult  to  estimate  the  volume  of  gas 
corresponding  to  a  monolayer  (even  though  equations  such  as  Lang¬ 
muir  s  3<  contain  this  term).  Also,  the  estimation  of  a  cross-sectional 
area  for  chemisorbed  molecules  is  equally  uncertain.  Chemisorptions 

are  specific  and  provide  at  best  only  the  surface  area  of  the  chemisorbing 
component  of  the  catalyst.  S 

adsorption  at  about  the  boiling  point  of  the  adsorbate  is  non- 
P  c,  because  the  heats  of  adsorption  are  low,  the  cross-sectional  area 

33  H.  S.  Taylor,  J.  Am.  Chem.  Soc.,  53,  578  (10311  •  H  «  To,  i  ■  n  .  r, 
of  the  Committee  on  Contact  Catalysis,  John  W  ley  &  Sons  Net  Yolk  ToT 

M  I-  Langmuir,  ./.  Am.  Chem.  Soc.,  40,  1,3.11  (1018)  ’  ’  1  ^ 
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of  the  adsorbate  molecules  may  be  expected  to  be  about  the  same  as  in 
the  liquid  or  solid  states.  Emmett  and  Brunauer 35  and  Brunauer, 
Emmett,  and  Teller 36  developed  two  methods  of  estimating  from 
physical  adsorption  isotherms  the  number  of  molecules  corresponding  to 
a  monolayer.  In  the  first,  the  “point  B ”  method,  the  volume  of  the 
monolayer  corresponds  to  the  start  of  the  linear  portion  of  the  isotherm 
as  shown  in  Figure  4.  In  the  second  method  the  volume  of  the  mono- 


Figure  2-4.  Adsorption  isotherm,  showing  several  possible  points  on  the  isotherm 
or  extrapolations  which  were  considered  as  representing  the  volume  corresponding 
to  a  monolayer.  Reproduced  by  permission  from  reference  36. 


layer,  Vm,  is  determined  from  the  simple  Brunauer,  Emmett,  and  Teller 
(BET)  equation.  This  equation  is  derived  by  equating  the  rate  of 
adsorption  to  form  an  adsorbed  layer  to  the  rate  of  desorption  from  that 
layer.  The  heat  of  adsorption  in  the  second  and  subsequent  layers  is 
assumed  to  be  equal  to  the  heat  of  liquefaction  of  adsorbate  EL ;  the  heat 
of  adsorption  in  the  first  layer  Ex  is  usually  not  equal  to  EL.  The  simple 
BET  equation  is 


Vm  (1  ~  T)[l  +  (c  ~  l)3’] 


where  x  is  the  relative  pressure  defined  as  x  =  p/p0,  V  is  the  pressure  at 
which  a  volume  V  (STP)  of  gas  is  adsorbed,  and  p0  is  the  condensation 

36  p.  H.  Emmett  and  S.  Brunauer,  ibid.,  67,  1,754  (1935);  69,  1,553,  2,682 
(1937). 

se  s.  Brunauer,  P.  H.  Emmett,  and  E.  Teller,  ibid.,  60,  309  (1938). 
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pressure  (vapor  pressure)  of  the  adsorbate  at  the  temperatuie  of  the  ad¬ 
sorption,  and 

c  =  °fhe(E\-EL)/RT  (6) 

a2b\ 

where  the  ratio  of  the  adsorption  and  desorption  rate  constants  for  the 
first  and  second  layers,  axb2/a2bx,  is  usually  assumed  equal  to  1.  The 
equation  may  be  rearranged  into  the  linear  form 

x  1  c 

-  = - 1 - x  (7) 

F(1  -  x)  Vmc  Vm(c  -  1) 


for  evaluation  of  constants  Vm  and  c.  Equation  5  gives  the  proper  shape 
of  adsorption  isotherms  on  non-porous  solids;  however,  this  equation 
fits  the  data  exactly  only  over  the  range  of  relative  pressure  of  0.05-0.35, 
as  shown  in  Figure  5.  Nevertheless,  the  equation  is  satisfactory  for  the 
estimation  of  Vm  from  all  types  of  physical  adsorption  isotherms  except 
those  characteristic  of  charcoals  (type  I  of  Brunauer’s  classification;  see 
p  56).  In  most  cases  except  for  isotherms  with  values  of  c  less  than  5, 
Vm  is  very  nearly  equal  to  the  value  estimated  by  the  “point  B ”  method. 

Usually  the  cross-sectional  area  of  the  adsorbate  is  estimated  from  the 
liquid  density  by  the  method  of  Emmett  and  Brunauer.35  However, 
accumulated  evidence  shows  that  this  method  does  not  give  identical 
sui fare  aieas  for  adsorpfion  of  different,  molecules  on  the  same  ad¬ 
sorbent,  and  some  corrections  in  the  method  of  estimating  the  cross- 
sectional  area  of  molecules  are  probable  necessary.37  However,  as  shown 

below,  the  value  assigned  to  the  nitrogen  molecule  probably  is  satis¬ 
factory. 

An  equation  derived  by  Harkins  and  Jura,38  based  on  a  type  of  spread¬ 
ing  force-area  relationship  observed  for  insoluble  films  on  liquids  gives 
surface  areas  in  general  agreement  with  the  BET  method.  A  plot’of  the 
Harkins-Jura  equation 


log  x  =  — — |-  B 
v  2 


(8) 


where  A  and  B  are  constants,  gives  straight  lines  over  wide  ranges  of 
equationPreSSU,eS'  Th®  related  to  constant  A  by  the 


surface  area  =  kAA 


(9) 


where  k  is  a  constant  which  must  be  determined  by  some  independent 

”W  D  'll'nki™  "hUT'1’  !*"d  J  M  Ho"'b>  im-'  67’  >'554  (1945) 

'  Harklns  and  G.  Jura,  ibid.,  66,  1,306  (1944). 
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Figure  2-5.  Linear  plots  of  the  Brunauer,  Emmett,  and  Teller  equation  (equation 
7)  for  nitrogen  adsorption  isotherms  of  various  adsorbents.  Reproduced  by  per¬ 
mission  from  reference  36. 
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Pore  Size  front  Adsorption  Isotherms 

method.  Emmett 39  has  discussed  the  relationship  of  this  method  to  the 
BET  method.  Emmett 40  and  Brunauer  41  have  estimated  that  the  sur¬ 
face  area  determined  by  the  BE1  method  has  an  absolute  uncertainty  of 
less  than  20  per  cent.  Comparison  of  these  surface  areas  with  those 
estimated  from  microscopic  40-42  and  electron  microscopic  particle  43  size 
distribution  substantiates  this  estimate.  Excellent  agreement  was  also 
obtained  between  the  BET  areas  and  those  of  the  “absolute  method”  of 
Harkins  and  Jura.44  In  the  “absolute  method”  a  non-porous  powder 
on  which  four  or  more  molecular  layers  of  vapor  of  a  liquid  are  adsorbed 
is  immersed  in  a  large  quantity  of  that  liquid  in  a  sensitive  calorimeter. 
The  heat  evolved  is  equated  to  the  product  of  surface  area  times  surface 
enthalpy  of  the  adsorbed  liquid.  In  the  fourth  and  subsequent  layers 
the  surface  enthalpy  is  equal  to  the  surface  enthalpy  of  the  normal  liquid, 
d  y 

y  +  T  — ,  where  y  is  the  normal  surface  tension  of  the  liquid.  By  this 

method,  areas  of  two  samples  of  Ti02  were  found  to  be  13.8  and  8.9  sq 
m  per  g,  as  compared  with  13.8  and  9.6  sq  m  per  g  by  the  BET  method. 


ESTIMATION  OF  PORE  SIZE  DISTRIBUTION  FROM 
PHYSICAL  ADSORPTION  ISOTHERMS 

Brunauer,  Deming,  Deming,  and  Teller41-45  proposed  five  general 
types  of  isotherms  (Figure  G)  which  can  be  explained  on  the  bases  of  c 
values  and  pore  structures.  Rough  estimates  of  the  ranges  of  pore  sizes 
corresponding  to  the  different  isotherm  types  are  as  follows:  type  I,  less 
than  25  A  in  diameter types  IV  and  V,  25  to  200  A;  and  types  II  and 
III,  greater  than  200  A.  Types  II  and  IV  correspond  to  systems  for 
which  the  value  of  c  is  greater  than  1,  and  types  III  and  V  to  those  with 
c  values  equal  to  or  less  than  1 .  By  comparison  of  a  given  isotherm  with 
those  ol  Figure  6,  a  qualitative  estimate  of  the  pore  distribution  may  be 

made.  Some  isotherms  appear  to  be  composites  of  two  or  more  of  these 
types. 

Numerous  variations  ol  the  BET  equation  have  been  developed  for 
adsorption  on  porous  adsorbents.  Brunauer,  Emmett,  and  Teller,36 

39  P.  H.  Emmett,  ibid.,  68,  1,784  (1946). 

Yolk  l942Emmett' i"  Kr”‘mer’s  Mvances  in  Science,  Interscience  Press,  New 


41 


1943. 


S.  Brunauer,  Physical  Adsorption,  Princeton  University  Press,  Princeton,  N.  J., 


VI'  n  A'  W'  Bi,  nie’  and  M-  Cohen<  J‘  Am-  Che>"-  Soc.,  62,  2  839  (1940) 

“w  n  n  r"  anAP-  ?•  Emmett- J-  p **•-  ».  367  (IMS) 

'  •  Harkins  ancl  Jura>  J-  Am.  Chem.  Soc.,  66,  1,302  (1944) 

*  b.  Brunauer,  L.  S.  Deming,  W.  E.  Deming,  and  E.  Teller,  ibid.,  62,  1,723  (1940). 
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Brunauer,  Deming,  Doming,  and  Teller,46  and  Pickett 46  have  derived 
equations  for  adsorption  in  “condenser  plate”  pore  systems.  Anderson 
and  Hall 4'  proposed  an  equation  for  porous  adsorbents  in  which  the 
area  of  each  subsequent  layer  is  less  than  the  one  underlying  it.  Al¬ 
though  the  range  over  which  the  equations  satisfactorily  fit  the  experi¬ 
mental  data  is  extended  to  higher  relative  pressures,  these  equations  do 


p/Po 

Figure  2-6.  Five  types  of  van  der  Waals  adsorption  isotherms.  Reproduced  by 

permission  from  reference  45. 


not,  in  general,  contribute  much  more  information  than  the  simpler 
methods  described  below. 

If  the  pore  volume  of  the  adsorbent  can  be  determined,  an  average 
pore  diameter,  d,  may  be  estimated  from  equation  10,  proposed  by 
Emmett  and  DeWitt 48  for  cylindrical  pores, 

4V 

d  =  —  no) 

where  V  is  pore  volume  and  S  the  surface  area.  The  significance  of  this 
method  has  been  discussed  by  Anderson  and  Hall.47  For  types  I,  IV, 
and  V,  the  pore  volume  may  be  estimated  by  the  volume  of  adsoibate 
computed  as  normal  liquid  corresponding  to  the  flat  portion  of  the  iso¬ 
therm  at  high  relative  pressures.  For  adsorbents  that  give  isotherms 
of  types  II  and  III,  the  pore  volume  cannot  be  determined  from  the  iso- 

46  G.  Pickett,  ibid.,  67,  1,958  (1945). 

47  R.  B.  Anderson  and  W.  K.  Hall,  ibid.,  70,  1,727  (1948). 

4»  P.  H.  Emmett  and  T.  W.  DeWitt,  ibid.,  66,  1,253  (1943). 
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therms,  but  may  be  estimated  from  the  differences  of  the  reciprocals  of 
mercury  and  helium  densities.  However,  unless  mercury  densities  are 
determined  at  high  pressures  the  pore  volume  may  be  very  much  laigei 
than  that  containing  the  pores  contributing  most  ot  the  surlace  aieas, 
and  the  average  pore  diameters  computed  by  equation  10  must  be  ic- 
garded  as  an  upper  limit  of  the  average  pore  diameter. 

Pore  diameters  may  also  be  estimated  from  the  Kelvin  equation  ap¬ 
plied  to  the  desorption  branch  of  the  isotherm, 


In  x  = 


2 aV  cos  0 
rRT 


(ID 


where  x  is  the  relative  pressure  at  which  desorption  occurs  from  a  cylin¬ 
drical  pore  of  radius  r,  a  and  V  are  the  surface  tension  and  molar  volume 
of  the  normal  liquid,  respectively,  and  0  is  the  angle  of  wetting  (usually 
assumed  to  be  zero).  Since  the  surface  of  a  capillary  after  desorption 
has  occurred  is  covered  with  the  number  of  layers  normally  expected  for 
multilayer  adsorption  at  that  pressure,  the  radius  r  is  usually  1-2  mo¬ 
lecular  diameters  smaller  than  the  actual  pore  radius.  Usually  for  types 
I V  and  V  isotherms  the  average  pore  radius  is  estimated  from  the  rel¬ 
ative  pressure  corresponding  to  the  steepest  part  of  the  desorption  iso¬ 
therm.  Shull 49  has  proposed  a  method  of  approximating  the  pore  size 
distribution  from  the  desorption  isotherms.  In  many  cases  average  pore 
diameters  estimated  from  the  Kelvin  equation  for  type  IV  isotherms 
agree  closely  with  those  from  equation  10.48 


CH  EM  ISOR PT I  ON  STU D I ES 

In  most  catalytic  processes  it  may  be  expected  that  at  least  one  of  the 
leactants  should  be  chemisorbed  on  the  catalyst;  however,  the  relation¬ 
ship  between  catalytic  activity  and  chemisorption  is  not  simple.  For 
example,  if  molecules  ol  reactants,  products,  or  other  components  are  too 
firmly  adsorbed,  they  may  not  enter  into  the  catalytic  reaction,  but  will 
act  as  a  poison  by  blocking  off  that  portion  of  the  surface. 

Adsorption  isobars  have  yielded  some  of  the  more  interesting  informa¬ 
tion  about  chemisorption  processes.  These  data  indicate  that  at  least 
two  types  of  activated  adsorption  can  occur  on  the  same  catalyst  and 
it  appears  that  the  different  types  of  adsorption  occur  on  different  parts 

c-LtalvstSU  aCe‘l  iIS°bTS  °f.hydr0gen  on  an  iron  synthetic-ammonia 
catalyst,  on  nickel,  and  on  zinc  oxide  are  presented  in  Figures  7,  8,  and 

41  C.  G.  Shull,  ibid.,  70,  1,405  (1048)-  C.  G  Shull  P  R 
ibid.,  70,  1,410  (1048)  ’  Elkin,  and  L.  C.  Roess, 
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TEMPERATURE,  °C 


Figure  2-7.  Adsorption  isobar  of  hydrogen  on  an  iron  synthetic-ammonia  catalyst 
with  pressure  of  hydrogen  of  760  mm  Hg,  showing  maxima  corresponding  to  types 
A  and  B  chemisorptions.  Reproduced  by  permission  from  reference  50. 


Figure  2-8.  Adsorption  isobars  of  hydrogen  on  nickel.  Curves  1,  2,  and  3  at  2.o, 
20  and  60  cm  Hg  pressure,  respectively.  Reproduced  by  permission  from  reference 

51. 
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9,  respectively.  The  volume  adsorbed  on  the  iron  catalyst  (Figure  7) 
decreased  as  the  temperature  was  raised  to  about  -  100  C,  then  in¬ 
creased  to  point  A  and  again  decreased;  above  0°C  it  increased  to  point 
B  and  finally  decreased.50  At  points  A  and  B  the  rates  of  adsorption 


Figure  2-9.  Adsorption  isobar  of  hydrogen  on  zinc  oxide  at  760  mm  Hg  pressure 
Reproduced  by  permission  from  reference  52. 


were  quite  slow,  and  the  rates  of  both  types  A  and  B  chemisorption  in¬ 
creased  with  temperature.  The  isobars  of  hydrogen  on  nickel  (Figure 

- liWMn  ^r""T,at,'f00 10  ~  15°°C  and  a  broad  from 

1UU  to  0  L.  he  hydrogen  isobar  on  zinc  oxide  (Figure  9)  shows 

maxima  at  25°  and  200° C. 52 

Taylor's  theory  of  activated  adsorption  »  explains  this  phenomenon. 

51  A  !!'  J?mmett  and  W  Harkness,  ibid.,  57,  1,631  (1935). 

52  u  i  n!°n  and  T  A‘  White>  ibid-,  52,  2,325  (1930). 

-  U.  b.  1  aylor  and  C.  O.  Strother,  ibid.,  56,  586  (1934). 
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tor  example,  on  iron,  three  types  of  adsorption  of  hydrogen  occur 
(probably  on  different  adsorption  sites),  that  below  -100°C  probably 
being  a  mixture  of  physical  and  chemisorption  and  types  A  and  B  being 
activated  adsorptions.  The  activated  adsorptions  have  high  energies  of 
activation  so  that  at  low  temperatures  their  rates  are  essentially  zero, 
and  true  equilibrium  is  not  attained.  Thus,  at  -  100°C  the  low-tem¬ 
perature  adsorption  was  virtually  zero,  and  types  A  and  B  activated 


Figure  2-10.  Volume  of  hydrogen  adsorbed  on  zinc  oxide  as  functions  of  time  and 
temperature.  Reproduced  by  permission  from  reference  53. 

adsorption  did  not  occur  at  appreciable  rates.  At  —  78°C  type  A  chemi¬ 
sorption  occurred  at  an  appreciable  rate,  and  above  100°C  the  rate  ot 
type  B  adsorption  became  appreciable. 

The  maxima  in  the  isobars  (Figures  7,  8,  and  9)  are  observed  on  in¬ 
creasing  the  temperature.  If  the  temperature  is  decreased  the  isobar  is 
not  retraced,  ie,  the  activatedly  adsorbed  molecules  are  thermodynami¬ 
cally  stable  and  do  not  desorb.  Taylor  and  Liang  53- 54  studied  isobars 
and  rates  of  adsorption  of  hydrogen  on  zinc  oxide  and  other  oxide  cata- 

63  II.  S.  Taylor  and  S.  C.  Liang,  ibid.,  69,  1,306,  2,989  (1947). 

54 II.  S.  Taylor,  in  Advances  in  Catalysis,  Academic  Press,  New  York,  1948. 


61 


Ch eni isorp lion  Stn d i es 

lysts  at  both  increasing  and  decreasing  temperatures.  A  typical  plot  of 
volume  of  hydrogen  adsorbed  on  zinc  oxide  as  a  function  of  time  is  shown 
in  Figure  10.  When  the  temperature  was  first  increased  from  111  C 
to  154°C  the  volume  of  hydrogen  decreased  almost  instantaneously  and 
then  slowly  increased  until  the  total  volume  adsorbed  at  about  1,000  min 
was  considerably  greater  than  at  111°C.  When  the  temperature  was 
lowered  again  to  111°C  the  volume  adsorbed  increased  rapidly,  the  m- 
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Figure  2  11.  1  oisoning  effect  of  activated  adsorption  of  hydrogen  on  the  rate  of 

ortho-  to  para-hydrogen  conversion  at  -190°C  on  catalyst  931.  Reproduced  by 

permission  from  reference  55. 

crease  being  equal  to  the  immediate  decrease  observed  when  the  tem¬ 
perature  was  raised.  On  increasing  the  temperature  to  154°C  again, 
the  volume  adsorbed  decreased  by  this  amount.  These  data  are  strong 
evidence  for  the  concept  of  heterogeneity  of  catalyst  surfaces;  ie,  the 
different  types  ol  adsorption  occur  on  different  portions  of  the  surface. 

Heterogeneity  ol  surface  of  iron  catalysts  was  demonstrated  by  the 
experiments  of  Emmett  and  Harkness  55  with  the  catalytic  intercon¬ 
version  of  ortho-  to  para- hydrogen.  The  rate  of  conversion  was  deter¬ 
mined  at  190°C  on  a  thoroughly  reduced  catalyst  after  evacuation  at 

56  P.  H.  Emmett  and  R.  W.  Harkness,  J.  Am.  Chem.  Soc.,  57,  1,624  (1935). 


Introduction  to  Heterogeneous  Catalysis 

500  C  followed  by:  (a)  cooling  below  — 100° C  before  exposing  sample 
to  hydrogen;  ( b )  chemisorption  of  hydrogen  at  -78°C  (type  A),  and 
(c)  chemisorption  of  hydrogen  at  +  100°C  (type  B ).  The  retardation  of 
the  rate  by  types  A  and  B  chemisorbed  hydrogen  is  shown  in  Figure  11. 
Types  A  and  B  chemisorbed  hydrogen  retard  the  reaction  to  different 
extents,  type  B  being  more  effective  than  type  A.  Thus,  the  two  chemi¬ 
sorptions  probably  occupy  different  portions  of  the  surface.  The  fact 
that  type  B  adsorption  is  most  effective  indicates  that  .it  is  primarily  a 
chemisorption  and  not  solution  of  hydrogen  in  iron.  Systems  exhibiting 
more  than  one  type  of  chemisorption  are  not  limited  to  those  involving 
hydrogen  [see  article  of  Hunsmann  55a  for  numerous  examples  of  chemi¬ 
sorption]  . 

ADSORPTION  AND  PORE  VOLUME  STUDIES  OF 

CATALYSTS 

In  this  section  adsorption  data  on  iron  synthetic-ammonia  catalysts 
and  adsorption  and  pore  volume  data  on  cobalt  and  nickel  Fischer- 
Tropsch  catalysts  will  be  discussed. 

Iron  Synthetic- Ammonia  Catalysts 

Brunauer  and  Emmett  56  have  made  an  extensive  study  of  the  ad¬ 
sorption  of  gases  on  iron  synthetic-ammonia  catalysts.  The  adsorption 
isobar  of  hydrogen  on  these  catalysts  has  been  discussed  previously 
(p  58),  and  the  chemisorption  of  nitrogen  will  be  discussed  in  a  later 
section  because  of  its  implications  in  the  mechanism  of  the  ammonia 
synthesis  (p  91).  Brunauer  and  Emmett  studied  the  adsorption  of 
nitrogen  and  a  number  of  other  simple  molecules  such  as  argon,  meth¬ 
ane,  oxygen,  carbon  monoxide,  carbon  dioxide,  and  n-butane  on  reduced 
promoted  and  unpromoted  synthetic-ammonia  catalysts  at  tempera¬ 
tures  near  the  respective  boiling  points  of  the  gases.  Oxygen,  carbon 
monoxide,  and  carbon  dioxide  isotherms  were  a  composite  of  physical 
and  chemisorption.  It  was  possible  to  remove  only  the  physically  ad¬ 
sorbed  gas  by  pumping  the  sample  at  a  temperature  about  100°C  higher 
than  the  temperature  of  adsorption,  and  then  a  second  isotherm  gave  a 
good  approximation  of  the  physical  isotherm.  These  isotherms  were 
used  in  selecting  the  “point  R”  method  of  estimating  the  volume  of  the 
monolayer. 

66a  W.  Hunsmann  in  G.  M.  Schwab,  Handbuch  der  Katalyse.  IV.  Heterogene 
Katalyse  I,  Springer- Verlog,  Vienna,  1943  (reprinted  by  Edward  Brothers,  Inc.,  Ann 
Arbor,  1945),  pp  405-72. 

56  p  h.  Emmett  and  S.  Brunauer,  ibid.,  59,  310,  1,553  (1937). 
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Table  2  presents  the  surface  areas  of  the  series  of  synthetic-ammonia 
catalysts  as  estimated  from  nitrogen  isotherms  by  the  “point  B”  method 
as  well  as  the  activities  of  some  of  these  catalysts  in  the  ammonia  syn- 


Table  2.  Surface  Area  and  Activities  of  Iron  Synthetic-Ammonia  Catalysts 


Promoters 

Conditions  of  Reduction 
and  Sintering 

Surface 
Area," 
sq  m 

per  g 

Activity, 

Catalyst 

Name 

Quantity, 
per  cent 

per  cent 

NH3fc 

973  I 

AI2O3 

0. 15 

124  hr  at  300°-350°C  plus 

54  hr  at  375°-500°C 

0.38 

3.3 

973  II 

AI2O3 

0. 15 

96  hr  at  300°-400°C 

0.94 

954  I 

AI2O3 

10.2 

48  hr  at  350°-450°C  plus 

48  hr  at  450°-500°C 

8.38 

8.2 

931  I 

Al2(  ),3 

k2o 

1.30 

1.59 

18  hr  at  300°-350°C, 

05  hr  at  350°-450°C,  and 

18  hr  at  450°-530°C 

3.33 

12.3 

931  II 

AI2I  ),3 

K20 

1 .30 
1.59 

18  hr  at  300°-350°C, 

05  hr  at  350°-450°C,  and 

18  hr  at  450°-530°C,  plus  sin¬ 
tering  at  475°C 

3.01 

931  III 

A1203 

K20 

1.30 

1.59 

18  hr  at  300°-350°C, 

05  hr  at  350°-450°C,  and 

18  hr  at  450°-530°C,  plus  sev¬ 
eral  partial  oxidations  and 
reductions  at  450 °C 

2.40 

958 

Ab03 

k2o 

0.35 
,  0.08 

30  hr  at  350°-450°C  plus 

30  hr  at  450°-500°C 

1 .90 

10.4 

930 

K20 

1.07 

48  hr  at  350°-450°C 

0.43 

5.3 

424 

A1203 

Zr02 

1.03 

0.19 

Conditions  not  specified 

7.12 

method^  areaS  PCr  gmm  °f  Unreduced  cata,y§t  ^  estimated  by  the 
b  Activity  expressed  at  per  cent  ammonia  formed  at  450°C  100  ntm  *nA 

lalClt'000'  Equilibrium  perronUgp  of — 
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thesis.  The  unreduced  catalysts  had  very  low  surface  areas,  almost  all 
ot  the  area  of  the  reduced  catalysts  being  developed  in  the  reduction. 
The  most  interesting  feature  of  the  table  is  the  effect  of  the  promoters 
in  the  development  of  the  surface  area  of  the  reduced  catalysts.  Nearly 
pure  iron  catalyst  973  had  a  low  surface  area  when  reduced  at  400° C; 
on  sintering  at  500° C  the  area  dropped  to  less  than  half  of  its  previous 
value.  Catalyst  930  promoted  with  potassium  oxide  had  an  area  as  low 
as  the  pure  iron  catalyst.  Catalysts  954  promoted  with  alumina  and 
424  promoted  with  alumina  and  zirconia  had  surface  areas  at  least  ten 
times  greater  than  973  and  930.  Catalysts  931  and  958  promoted  with 
alumina  and  potassium  oxide  also  had  areas  considerably  greater  than 
973  and  930.  Thus  alumina  and  zirconia  in  these  catalysts  are  struc¬ 
tural  promoters;  one  of  the  functions  of  structural  promoters  is  the 
formation  and  maintenance  of  a  high-area  structure  on  reduction.  The 
structural  promotion  by  alumina  was  also  shown  by  the  x-ray  diffraction 
studies  of  Wyckoff  and  Crittenden  9  (p  42).  The  data  indicate  that 
potassium  oxide  is  not  a  structural  promoter.  However,  the  activity 
data  indicate  that  the  catalysts  containing  potassium  oxide  are  more 
active  per  unit  surface  area. 

Tn  a  later  paper,  Brunauer  and  Emmett  57  studied  the  chemisorption 
of  nitrogen,  carbon  monoxide,  carbon  dioxide,  and  hydrogen  on  these 
catalysts  and  related  the  amount  of  chemisorbed  gas  to  the  physical 
nitrogen  monolayer,  these  data  being  summarized  in  Table  3.  The 
authors  believed  the  chemisorptions  of  carbon  monoxide  and  carbon 
dioxide  to  be  molecular  and  those  of  hydrogen  and  nitrogen  to  be  atomic. 
The  physical  adsorption  of  nitrogen  gives  an  estimate  of  the  total  sur¬ 
face  area.  The  low-temperature  (— 183°C)  chemisorption  of  carbon 
monoxide  is  an  indication  of  the  fraction  of  surface  occupied  by  iron 
atoms.  With  nearly  pure  iron  catalyst  973  the  ratio  of  chemisorbed 
carbon  monoxide  to  the  physical  nitrogen  monolayer  was  1.13,  this  iatio 
is  not  unreasonable  since  a  layer  ot  chemisorbed  molecules  may  be  moi  c 
densely  packed  than  a  physically  held  layer.  The  presence  of  promoters 
decreased  this  ratio,  potassium  oxide  being  the  most  effective.  Carbon 
dioxide  was  chemisorbed  on  the  potassium  oxide  at  the  surface  ot  the 
catalysts.  If  the  carbon  dioxide  is  adsorbed  in  a  monolayer  on  only  the 
potassium  oxide  surface,  an  estimate  may  be  made  of  the  fraction  of  the 
surface  occupied  by  each  component  of  the  catalyst.  Thus,  in  the  alkali- 
free  catalysts  954  and  424,  the  oxide  promoters  probably  cover  about  o5 
and  35  per  cent  of  the  surface,  respectively.  About  70  per  cent  of  the 
surface  of  catalyst  930  is  covered  by  the  1.07  per  cent  potassium  oxide. 
In  catalyst  958  about  62  per  cent  of  the  surface  consisted  of  iron  atoms, 

*7S.  Brunauer  and  P.  H.  Emmett,  ibid.,  62,  1,732  (1940). 
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Table  3.  Chemisorption  on  Iron  Synthetic-Ammonia  Catalysts 


Cata¬ 

lyst 

Promoters 

CO  Chemi  ° 

CO2  Chemi  6 

H2  Chemi  c 

CO  Chemi 

Ni  Chemi  d 

N2  Chemi  d 

n2 

Mono- 

layer 

Name 

Quan¬ 
tity, 
per  cent 

N2 

Monolayer 

n2 

Monolayer 

Type 

A, 

—  78°C 

Type 

B, 

100°C 

CO  Chemi 

973 

AI2O3 

0.15 

1.13 

0.13 

0.40 

0.41 

0.24 

0.35 

954 

AI2O3 

10.2 

0.43 

0.05 

0.57 

0.59 

0.34 

0.15 

424 

AI2O3 

1.03 

0.65 

0.08 

Zr02 

0.19 

930 

Iv20 

1.07 

0.74 

931 

AI2O3 

1.30 

0.44 

0.61 

0.94 

0.95 

0.50 

0.26 

k2o 

1.59 

958 

Ale03 

0.35 

0.62 

0.27 

0.50 

KoO 

0.08 

°  Carbon  monoxide  chemisorbed  at  —  183°C.  c  Time  of  equilibration  1  hr  or  longer. 

b  Carbon  dioxide  chemisorbed  at  —  78°C.  d  Nitrogen  chemisorbed  at  391°  395°C. 


27  per  cent  potassium  oxide,  and  the  remaining  1 1  per  cent  alumina. 
In  catalyst  931  there  appears  to  be  no  free  alumina  on  the  surface,  the 
alumina  and  potassium  oxide  presumably  being  combined  on  the  surface. 
Thus,  the  promoters  collect  on  the  surface  in  greater  quantities  than  in 
the  bulk  phase  of  the  catalyst,  this  tendency  being  greater  for  potassium 
oxide  than  alumina.  This  conclusion  agrees  with  the  observation  that 
alkali  is  readily  volatilized  from  singly  promoted  catalysts  and  can  be 
readily  extracted  with  water  from  the  raw  singly  and  doubly  promoted 
catalysts.  Also,  the  order  of  addition  of  alkali,  whether  before  or  after 
the  fusion,  does  not  greatly  change  the  activity  of  the  resulting  cata¬ 
lysts.68  thus,  it  appears  that  the  potassium  oxide  is  not  completely 
incorporated  into  raw  catalysts.  The  alumina  is  in  solid  solution  with 
the  magnetite,  and  its  accumulation  on  the  surface  on  reduction  is  to  be 
expected  because  the  reduced  iron  atoms  occupy  less  volume  than  the 
iion  oxide.  It  may  be  postulated  that  the  iron  atoms  will  recede  from  the 
reduction  zone,  leaving  a  matrix  of  alumina.  This  alumina  on  the  sur- 

iace  prevents  the  iron  atoms  from  migrating  and  forming  structures  of 
lower  surface  area. 


Brunauer  and  Emmett  »  also  studied  the  effect  of  the  chemisorption 
Of  one  gas  upon  the  chemisorption  of  another,  but  these  studies  are  too 
detailed  for  this  discussion.  From  these  data  and  those  of  Table  3  it 

dXre°nt|IUC!ed  1''°  was  hcterog<*neous,  probably  because’  of 

differently  developed  crystal  faces. 


58  J.  F.  Shultz,  private  communication. 
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Cobalt  Fischer-Tropsch  Catalysts 

Anderson,  Hall,  Hewlett,  Hofer,  and  Seligman2'69  studied  the  prop¬ 
erties  of  unreduced  and  reduced  cobalt  Fischer-Tropsch  catalysts.  In 


Figure  2-12.  Adsorption  of  nitrogen  at  -195°C  on  unreduced  and  reduced  cobalt 
catalyst  89J,  where  6  represents  the  unreduced  catalyst  and  O,  □,  and  A  represent 
different  samples  of  reduced  catalyst.  Desorption  points  are  solid,  and  the  volume  of 
gas  corresponding  to  a  monolayer  is  represented  by  x.  Reproduced  by  permission 

from  reference  59. 

Figure  12  are  shown  nitrogen  isotherms  of  raw  and  reduced  Co-Th02- 
MgO-kieselguhr  catalyst,  89J.  The  shape  of  the  isotherms  and  the  small 
amount  of  hysteresis  indicate  that  the  catalyst  has  a  system  of  relatively 

59  r  b.  Anderson,  W.  K.  Hall,  H.  Hewlett,  and  B.  Seligman,  J.  Am.  Chem.  Soc., 
69,  3,114  (1947). 


Table  4.  Surface  Areas  of  Unreduced  and  Reduced  Cobalt  Fischer-Tropsch  Catalysts 
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largo  pores  (greater  than  200  A).  In  Table  4  are  presented  surface  areas 
ot  raw  and  reduced  Co-Th02-MgO-kieselguhr  catalysts  and  of  similar 
preparations  which  lack  one  or  more  of  these  components.  The  area  of 
the  cobalt-promoter  complex  is  computed,  assuming  that  the  area  of  the 
kieselguhr  is  additive  (see  footnote  7  of  reference  2).  The  data  of  Table 
4  indicate  that  the  catalyst  containing  both  promoters  and  carrier  was 
the  most  resistant  to  sintering  during  reduction.  Of  the  promoters,  the 
mixture  of  thoria  and  magnesia  was  the  most  effective  while  magnesia 
alone  was  more  effective  than  thoria.  The  kieselguhr  was  about  as  ef¬ 
fective  as  the  thoria  in  preventing  sintering. 

Cobalt  metal  chemisorbs  carbon  monoxide  at  — 195° C  in  a  manner 
similar  to  iron,  except  that  the  ratio  of  chemisorbed  carbon  monoxide  to 
the  physical  monolayer  is  only  0.65  for  the  pure  cobalt  metal.  Data  on 

Table  5.  Chemisorption  of  Carbon  Monoxide  on  Reduced  Cobalt 

Fischer-Tropsch  Catalysts 


(All  data  per  gram  of  unreduced  catalyst.) 


Catalyst 

Form  " 

vm, 

F<V, 

Complex  per  g 
of  Complex 

Fro 

cc 

cc 

Vm, 

CC 

Fco, 

cc 

Vm  complex 

Co :  Th02 :  MgO :  Kg  = 
100:6:12:200 

89.J 

P 

14.15 

3.10 

23.92 

6.20 

0.259 

89  K 

P 

14.31 

3.80 

24.80 

7.60 

0.306 

89  K 

G 

14.19 

4.00 

24.40 

8.00 

0.328 

Co :  Th02 :  MgO  = 

0.572 

100:6:12 

G 

12.06 

6.90 

12.06 

6.90 

Co:ThOo  =  100:6 

G 

3.33 

1.95 

3.33 

1.95 

0.586 

Co: MgO  c  =  100:12 

G 

8.03 

3.70 

8.03 

3.70 

0.461 

Co: MgO  d  =  100:8 

G 

4.17 

2.17 

4. 17 

2.17 

0.520 

Co: Kg  e=  100:200 

G 

4.18 

0.85 

3.28 

1.70 

0.518 

Cobalt  basic  carbonate 

G 

0.58 

0.36 

0.58 

0.36 

0.632 

Cobalt  oxide  powder 

0.73 

0.73 

0.48 

0.48 

0.648 

a  G  =  granules,  broken  filter  cake;  P  —  pellets. 

b  vco  computed  from  the  difference  between  the  total  carbon  monoxide  isotherms 
and  the  physical  nitrogen  at  equal  relative  pressures. 
c  Powdered  magnesia. 
d  Precipitated  magnesia. 
e  Filter-Cel. 
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the  ratio  of  chemisorbed  carbon  monoxide  to  the  physical  monolayer  of 
nitrogen  for  the  cobalt-promoter  complex,  ie,  the  fraction  of  cobalt- 
metal,  are  presented  in  Table  5.  For  supported  and  promoted  catalysts 
this  ratio  was  about  0.35,  and  these  samples  were  the  most  resistant  to 
sintering  during  reduction.  The  ratio  for  catalysts  with  only  promoters 
or  kieselguhr  averaged  about  0.50,  and  for  catalysts  without  promoters 
and  kieselguhr  the  ratio  was  0.63,  close  to  the  value  for  the  pure  cobalt. 
X-ray  diffraction  data  were  in  general  agreement  with  the  observed  sur¬ 
face  areas  of  the  reduced  catalysts. 

Mercury  densities  at  about  1,140  mm  Hg  pressure  and  helium  densities 
were  determined  on  this  series  of  catalysts  (Table  6).  Under  these  con¬ 
ditions,  mercury  will  penetrate  only  pores  with  openings  larger  than 
about  5  microns  32  whereas  helium  will  penetrate  all  the  pores  of  the 
catalyst.  The  volume  of  pores  with  openings  smaller  than  5  microns  is 
given  by  the  difference  between  the  reciprocals  of  the  mercury  and 
helium  densities.  With  granular  catalyst  containing  kieselguhr,  it  was 
found  that  the  volume  of  mercury  displaced  by  the  catalyst  was  nearly 
equal  to  the  volume  of  mercury  displaced  by  the  kieselguhr  plus  that  dis¬ 
placed  by  the  cobalt-promoter  complex,  as  shown  in  Figure  13.  Thus, 
the  cobalt-promoter  complex  was  deposited  only  in  the  pores  of  the 
kieselguhr  with  openings  larger  than  5  microns.  For  catalysts  contain¬ 
ing  kieselguhr,  the  volumes  of  mercury  displaced,  per  gram  of  raw  (un¬ 
reduced)  catalyst,  by  the  sample  in  the  unreduced  or  reduced  state  were 
equal;  however,  with  unsupported  catalysts,  the  volumes  of  mercury 
displaced,  per  gram  of  raw  catalyst,  by  the  sample  in  the  reduced  state 
were  considerably  smaller  than  in  the  unreduced  state.  Thus,  the  cata¬ 
lysts  containing  kieselguhr  did  not  change  in  bulk  volume  during  re¬ 
duction,  whereas  those  without  kieselguhr  decreased  markedly  in  bulk 
volume.  The  pore  volumes  and  surface  areas  of  reduced  catalysts  con- 
tammg  Jaeselguhr  were  larger  than  those  of  unsupported  catalysts. 

e  kieselguhr  has  two  functions:  first,  to  maintain  the  bulk  volume 
and  a  suitable  pore  structure  especially  after  sintering  or  reduction  and 
second,  to  prevent  excessive  decreases  of  surface  area  on  sintering  or  rt 
“  Te  "  k  lj'ese^lhr  an  irregularly  packed  structure  similar 

f  ‘  ,1US  ;Plle-  The  cobalt-promoter  complex  is  deposited  in  the 

poies  of  the  kieselguhr  larger  than  5  microns  in  diameter  the  bulk  vol 

br?  that  0f  thc  On  reduction  of  \he 

catalyst,  the  kieselguhr  structure  remains  relatively  unchanged  and  the 

sSrx'Srst  £” :  r . ■"-*  £ 

large  crystallites  of  cobalt.  8  preyents  ““  formation 

There  is  some  indication  that  interaction  between  cobalt  oxide  or 
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hydroxide  and  kieselguhr  may  occur  to  a  slight  extent,  but  this  was  not 
shown  by  the  x-ray  diffraction  patterns.  In  nickel  catalysts  Visser  and 
deLange  •  found  evidence  of  interaction  between  nickel  oxide  or  hv 
roxide  and  kieselguhr  to  the  extent  of  formation  of  nickel  hvdmsilioa'L 
bonds  as  indicated  by  x-ray  diffraction  patterns.  Teichner^ ' ZoZ 
b.  ieichner,  Compt.  rend.,  227,  478  (1948). 
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that  the  surface  area  of  a  nickel-kieselguhr  catalyst  evacuated  at  20°  C 
was  27  sq  m  per  g;  after  evacuation  at  180°  C  and  subsequent  reduction 
at  450° C,  the  surface  area  increased  to  35  and  67  sq  m  per  g,  respectively. 
All  these  values  are  reported  per  gram  of  original  catalyst.  The  increase 
in  area  on  evacuation  at  180°C  and  reduction  at  450°  C  was  related  to 
porosity  and  additional  surface  area  formed  by  the  removal  of  chemically 
bound  water  and  carbon  dioxide  during  evacuation  and  the  removal  of 
oxygen  during  reduction.  Teichner 60  postulated  that  the  nickel- 
hydrosilieate  (montmorillonite)  structure  of  these  catalysts  prevented 
sintering  during  evacuation  and  reduction.  The  fact  that  cobalt  Fischer- 
Tropscli  catalysts  of  Anderson,  Hall,  and  Hofer  2  always  decreased  in 
area  when  evacuated  at  high  temperature  or  when  reduced  indicated 
that  hydrosilicate  bonds,  if  present,  were  not  of  sufficient  number  to 
prevent  sintering. 


THE  USE  OF  TAGGED  ATOMS 

Valuable  information  about  the  mechanisms  of  catalytic  reactions 
may  be  obtained  from  the  use  of  tagged  atoms,  ie,  either  stable  or  radio¬ 
active  isotopes.  In  general,  the  procedure  is  to  introduce  the  tagged 
atoms  as  reactants  or  as  part  of  the  catalysts  (eg,  C14  as  carbide  in 
Fischer-Tropsch  catalysts)  and  to  follow  the  position  and  amount  of 
these  atoms  in  the  reaction  products  anti  catalyst  as  a  function  ol  time. 
Tagged  atoms  useful  in  studies  of  the  synthesis  of  hydrocarbons  are 
listed  in  Table  7.  Included  in  this  table  is  para- hydrogen,  which  differs 


Table  7.  Tagged  Atoms 


Atomic 

Radio¬ 

Element 

Weight 

active 

Deuterium 

2 

No 

Tritium 

3 

Yes 

Carbon 

13 

No 

Carbon 

14 

Yes 

Oxygen 

18 

No 

para- Hydrogen 

1 

No 

Method  of  Analysis 
Thermal  conductivity  or 
mass  spectrometer 
Geiger  counter 
Mass  spectrometer 
Geiger  counter 
Mass  spectrometer 
Thermal  conductivity 


from  normal  hydrogen  only  by  predommance  of  the  para  spin  isomer  as 
compared  with  the  normal  equilibrium  amounts  ot  the  para  and  or  < 
isomers.  Analysis  by  a  Geiger  counter  is  very  sensit.ve,  and  concen  ra¬ 
tions  of  0  1  per  cent  or  less  of  the  radioactive  isotope  are  usually  suffi¬ 
cient.  On  the  other  hand,  the  analytical  methods  for  stable  isotopes 
usually  require  rather  high  concentrations.  Isotopes  have  slightly  mod- 
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ified  chemical  and  physical  properties  because  of  their  different  mass, 
these  differences  being  more  pronounced  for  the  isotopes  of  hydrogen  in 
which  the  ratios  of  the  masses  are  the  greatest.  However,  for  most  pur¬ 
poses  the  properties  of  the  isotopes  may  be  considered  identical. 

The  use  of  the  para-  to  orZ/m-hydrogen  interconversion  on  iron  cata¬ 
lysts  to  examine  the  nature  of  the  two  types  of  chemisorbed  hydrogen 


100 
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Curve  Reaction  Time,  hours 

1  CH4  +  CD4  — ^  Exchange  1 

2  CH4  4-  D2  — >■  Exchange  1 

3  C2H64-D2  —^Exchange  2.5 

4  C2H6  +  H2  — 2CH4  1 

5  C3H8  +  2H2-^  3CH4  1 

6  C3H8-(-  D2  — Exchange  1 

7  CH4  +  020 — Exchange  II 

6  7  3i 

5J 

r4  W 

Lz 

~7f 
I7//  1 

Ajy 

[V  /  / 

'  /  / 

— O-^— — 

TEMPERATURE,  °C 

t^URE  2-H  Exchange  and  hydrocracking  reactions  of  hydrogen  and  deuterium 
and  hydrocarbons  on  a  mckel-kieselguhr  catalyst.  Reproduced  by  permission  from 

reference  61. 


has  been  described  on  p  61.  The  intereonversion  can  occur  when  hy- 
r  !0g.en  ls  a<|lsorbed  rnolecularly  on  paramagnetic  or  ferromagnetic  surfaces 
01  a  omica  y  on  any  surface.  II  the  intereonversion  occurs,  it  indicates 
that  hydrogen  molecules  can  adsorb  and  escape  from  sucli  surfaces. 

As  an  example  ol  the  use  of  tagged  atoms,  the  studies  of  Taylor  and 
oworkers  '  on  the  rates  of  exchange  of  deuterium  with  hydrogen  atoms 
n  methane,  ethane,  and  propane  as  compared  with  the  rates  of  hyZ 
racking  of  ethane  and  propane  on  a  nickel-ldeselguhr  catalyst  will  be 

irenner,  and  H.  S.  Taylor,  ibid.,  69,  1,103  (1937). 
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discussed.  The  catalyst  was  shown  to  have  very  little  exchangeable 
hydrogen ;  thus,  any  exchange  occurred  with  hydrogen  atoms  in  the  hy¬ 
drocarbons.  The  extent  of  exchange  or  reaction  in  a  given  period  of  time 
(usually  1  hr)  as  a  function  of  temperature  is  shown  in  Figure  14. 

The  exchange  of  CH4-D2  required  the  highest  temperatures,  con¬ 
siderably  higher  than  required  for  exchange  of  hydrogen  and  deuterium 
atoms  of  CH4-CD4.  The  authors  suggested  that  this  was  due  to  the 
relatively  strong  adsorption  of  hydrogen  and  deuterium  compared  with 
that  of  methane.  With  ethane  and  propane  exchange  reactions  involving 
the  activation  of  C — H  bonds  and  hydrocracking  reactions  requiring 
activation  of  C — C  bonds  occurred;  the  C — H  bond  was  activated  at 
about  100°  C  and  the  C — C  bond  at  about  200°  C. 

The  hydrogenation  of  ethylene  was  very  rapid  on  this  catalyst  at  tem¬ 
peratures  of  —  80°C  anti  above,  and  there  was  no  evidence  of  breaking 
of  the  C-C  bond  below  138°C.  Some  exchange  of  deuterium  with  the 
hydrogen  atoms  of  the  ethylene  was  observed,  the  extent  ol  the  exchange 
reaction  increasing  with  temperature.  The  ratios  of  the  C  D  bonds 
formed  by  exchange  to  the  C — D  bonds  formed  by  hydrogenation  were 
0.008  and  0.103  at  -80°C  and  +65°C,  respectively. 

The  authors  postulated  dissociative  adsorption  of  the  type  C2H6  — > 
CoH5  +  H  for  exchange  reactions  and  C2H6  — >  2CH3  for  the  hydro¬ 
cracking  reactions.  Some  dissociative  adsorption  of  ethylene  leading  to 
exchange  may  occur.  Kinetic  data  indicate  that  the  apparent  activa¬ 
tion  energy  for  the  breaking  of  a  C— C  bond  was  considerably  greater 

than  that  for  a  C — H  bond. 


Kinetics  Studies  of  Catalytic  Reactions 


EXPERIMENTAL  METHODS 

A  static  system  is  the  simplest  for  studying  rates  of  catalytic  gas  re¬ 
actions  If  the  number  of  gas  molecules  changes  in  the  catalytic  reaction, 
the  rate  may  be  determined  by  following  the  change  in  pressure  with  a 
manometer  or  pressure  gauge  connected  to  the  vessel  -n  a.nin^he 
catalyst.  This  method,  which  has  been  used  by  Craxford  and  Meal 
and  Eidus  6S  in  studies  of  the  Fischer-Tropsch  synthesis,  is  not  very  sat  s 
factory  because  the  reaction  products  accumulate  and  blanket  the  cate- 
Lt  Consequently,  there  may  be  considerable  uncertainty  as  to  the 
partial  pressures  of  reactants  and  products  in  the  immediate  vicinity 
the  catalyst  at  any  time  except  the  beginning  of  the  experiment. 

«s.  It.  Craxford  and  E.  K.  Rkleal,  J.  Chcm  Soc.,  II,  1 A>04 

63  Y.  T.  Eidus,  Bull.  acad.  sci.  U.R.S.S.,  47,  255  (194  ). 


Experimen tal  Methods 


than  static  sv^  r  CT  the  Catalyst  are  more  satisfactory 

than  Static  systems.  For  studies  at  atmospheric  or  lower  pressures  the 

glass  system  of  Weller  «<  shown  in  Figure  15  may  be  use,  r  •  • 

culated  over  the  catalvst  in  Sf  flriri  +v  i  r  •  .  Gas  is  cir- 

y  t 111  ,S  and  through  liquid  air  trap  T  by  solenoid- 

64  S.  teller,  J.  Am.  Chem.  Soc.,  69,  2,432  (1947). 
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actuated  piston  pump  P.  The  pressure  is  kept  constant  by  displacing 
fresh  gas  from  graduated  burette  B  with  mercury  by  the  manostating 
device  of  Taylor  and  Strother.52  A  similar  apparatus  using  a  mag¬ 
netically  actuated  all-glass  turbine  has  been  described  by  Beeck.20  For 
studies  at  higher  pressures  it  is  necessary  to  use  metal  reactors  of  either 
the  boiling-liquid-bath  or  metal-block  type.  The  boiling  liquid  bath  is 
advantageous  in  highly  exothermic  reactions.  A  typical  Downs’-type 
reactor  as  used  in  catalyst  testing  at  the  U.  S.  Bureau  of  Mines  is  de¬ 
scribed  in  Chapter  3  on  p  153.  The  temperature  of  the  boiling  bath  is 
maintained  by  controlling  the  pressure  at  which  the  liquid  boils.  Metal- 
block  reactors  of  the  type  described  by  Dodd  and  Watson  65  are  conven¬ 
ient,  but  the  temperature  gradient  in  these  reactors  is  greater  than  in 
those  with  boiling  liquid  baths,  especially  for  highly  exothermic  or 
endothermic  reactions. 

For  simple  and  unambiguous  interpretation  of  kinetic  data  of  cata¬ 
lytic  reactions,  the  following  experimental  conditions  are  desirable : 

a.  An  isothermal  bed  of  catalyst. 

b.  The  changes  in  partial  pressures  of  reactants  and  products  from 
the  beginning  to  the  end  of  the  catalyst  bed  should  be  as  small  as  pos 
sible.  This  may  be  accomplished  by  maintaining  as  low  an  extent  of 
conversion  as  the  experimental  methods  permit.  If  these  conditions  are 
met,  the  average  partial  pressures  may  be  approximated  by  one-half  of 
the  sum  of  the  outlet  and  inlet  partial  pressures  of  the  components. 

c.  If  it  is  not  possible  to  study  the  reaction  at  low  extents  of  con¬ 
version,  it  is  desirable  to  compare  rates  at  a  constant  but  not  complete 
conversion  of  reactants.  Under  this  condition  the  average  partia  pres¬ 
sures  of  the  components  may  be  maintained  about  constant  even  though 
they  cannot  be  computed  with  great  certainty.  Although  expenmen  s 
made  at  complete  conversion  are  of  practical  value,  they  provide  very 
little  information  about  the  kinetics  of  the  process. 

Catalytic  activity  may  be  expressed  in  a  number  of  ways  If  t 
action  has  a  simple  rate  equation,  the  constants  of 

used  as  an  expression  of  activity.  For  more  complicated  reactions,  the 
activities  may  be  expressed  as  moles  of  reactants  consumed  per  unit 
time  per  unit  volume  of  catalyst,  the  overall  space-time-yield  If  the 
nature  and  quantity  of  reaction  products  vary  with  conditions  of  opera- 

Trans.  Am.  Inst.  Chem.  Engrs.,  42,  2(>3 


65  R. 
(1946). 


H.  Dodd  and  K.  M.  Watson, 
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of  components  and  temperature.  If  the  surface  area  of  the  catalyst  as 
used  in  the  reaction  is  known,  the  activity  per  unit  surface  area,  the 
intrinsic  activity,  may  be  used. 


RATE  EQUATIONS  FOR  CATALYTIC  REACTIONS 

The  determination  of  rate  equations  is  useful  because  fundamental 
information  regarding  the  reaction  mechanism  may  be  obtained.  The 
rate  equation  is  also  necessary  for  rational  design  of  reactors.  Hetero¬ 
geneous  catalytic  reactions  may  be  divided  into  five  steps: 

a.  Transport  of  reactants  to  the  catalytic  surface. 

b.  Adsorption  of  reactants. 

c.  Reaction  of  adsorbed  reactants. 

d.  Desorption  of  products. 

e.  Transport  of  products  from  the  catalytic  surface. 

1  he  problem  of  evolving  rate  equations  involving  all  or  several  of  these 
steps  is  usually  too  difficult  for  a  useful  solution,  and,  if  possible,  the 
rate  is  related  to  the  slowest  step  of  the  reaction.  Rate  equations  for 
steps  b,  c,  and  d  of  catalytic  reactions  have  been  derived  by  Schwab, 
Spence,  and  Taylor,66  Glasstone,  Laidler,  and  Eyring,67  Hougen  and 
Watson,68  and  others.  In  general,  the  following  assumptions  are  made: 

a.  The  rate  of  reaction  is  proportional  to  the  product  of  the  number 

of  reactant  molecules  A  and  B  adsorbed  on  adjacent  sites.  Unimolecular 

reactions  may  proceed  by  one  of  two  mechanisms:  the  rate  is  proportional 

to  the  number  of  adsorbed  reactant  molecules,  in  the  first  case;  in  the 

second  case,  the  adsorbed  molecule  reacts  with  an  adjacent  bare  site 

and  the  rate  ,s  proportional  to  the  product  of  the  number  of  adjacent 
bare  and  occupied  sites.  J  m 

b.  The  rate  oi  adsorption  of  component  A  is  assumed  to  be  propor 
nmal  to  the  product  of  the  number  of  bare  sites  and  the  partial  pressure 

ttT."  a-rr  -  *• — 

- 1.  ,h.  lh, 

NelGYoA,S.M7ab'  "  ^  !‘"d  H‘  &  **■«.  <****,  D.  Van  Nostrand  Co.. 
m  B  “Lw  “'.T1  “• Ey™*’  Thr  ***  ,  McGraw- 

%'z, 
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d.  All  steps  except  the  rate-controlling  one  are  assumed  to  proceed  at 
sufficiently  rapid  rates  so  that  these  steps  may  be  regarded  as  being  in 
equilibrium. 

The  derivation  of  a  rate  equation  for  a  catalytic  reaction  A  +  B  = 
R,  eg,  hydrogenation  of  an  olefin,  will  be  outlined.  The  presentation 
follows  that  of  Hougen  and  Watson,68  and  the  reader  is  referred  to  these 
authors  for  further  details.  For  brevity,  the  symbols  used  in  these 
equations  are  summarized  below: 


r  =  rate  of  reaction  in  terms  of  space-time-yield,  total  moles 
of  reactants  consumed  per  unit  volume  or  unit  mass  of 
catalyst  per  unit  time. 

$  =  number  of  equidistant  active  sites  adjacent  to  each  site. 

L  =  total  molal  adsorption  sites  per  unit  volume  or  mass  of 
catalyst. 

cx  =  concentration  of  adsorbed  molecules,  X,  per  unit  vol¬ 
ume  or  mass  of  catalyst. 

=  number  of  bare  sites  per  unit  volume  or  mass  of  cata¬ 
lyst. 

k  and  k'  =  velocity  constants  of  surface  reactions  in  forward  and 
reverse  direction,  respectively. 

kx  and  kx  =  velocity  constants  of  adsorption  and  desorption  of 
component  X,  respectively. 

K  =  equilibrium  constant  for  the  overall  reaction. 

/vx  =  adsorption  equilibrium  constant  for  component  X. 

Case  1.  Surface  reaction  rate  controlling.  The  rate  of  the  o\ei- 
all  reaction  (forward  minus  reverse)  is  given  by 


r  = 


ks 


k's 


-eACB--oBCt 


(12) 


Since  the  surface  reaction  is  the  slow  step,  the  quantities  <A,  <*.  and  cR 
may  be  assumed  to  be  in  equilibrium  with  partial  pressures  of  the  com¬ 
ponents  at  the  interface  as  given  by  the  Langmun-type  equation 

cx  =  PxKxCl  C3) 


The  equilibrium  constant  is  related  to  the  adsorption  equilibiium  ton 
stants  and  rate  constants  by 


KaKb  k~  (14) 

Kr  k' 

L _ _ 

1  +  KaPa  +  KrPb  +  Kr  Pr  +  Kipi 


and 


(15) 
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Substituting  equations  13,  14,  and  15  in  12  gives 

JcsLKaKb(paPb  -  Pr/K) 

T  - - - — - - — - - -  (loj 

2(1  +  PaKa  +  PrKr  +  PrKr  -f  p\K\) 

If  the  equilibrium  constant  is  large  and  pAKA,  PrKr,  and  piK\  are  small 
with  respect  to  1,  the  equation  reduces  to 


k  sL  /v  a  KbPaPb  ocLpApB 

2(1  +  PbKb)2  (1  +  &Pb)2 
If  in  addition  PbKr  »  1,  equation  17  reduces  to 


07) 


and  if  PbKb  «  1, 


ksLKApA  oc'Lpx 

r  =  — - =  -  (18) 

2  A  bPb  Pb 

r  =  a'LpxpB  (19) 


Equation  19  represents  the  reaction  in  which  none  of  the  components  is 
strongly  adsorbed.  If  component  B  is  moderately  strongly  adsorbed 
and  the  other  components  weakly  adsorbed,  equation  17  is  the  form  of 
the  rate  expression.  Equation  18  represents  the  case  in  which  component 
B  is  very  strongly  adsorbed. 

Case  2.  Adsorption  of  component  A  rate  controlling.  The  rate 
ol  the  oveiall  leaction  is  equated  to  the  rate  of  the  adsorption  minus  the 
rate  of  desorption  of  component  A : 


r  =  A'aPaC/,  -  k\  C\ 


(20) 


where  cA  is  assumed  to  be  in  equilibrium  with  the  partial  pressures  of  B 
and  R  at  the  interface 


ca 


PrClKa 

PbK 


(21) 


The  term  cL  is  similar  to 
21  and  kA/k\  =  'K\. 


equation  15  except  that  cA  is  defined  by  equation 
The  resulting  rate  equation  is 


r  = 


k'A  L(pA  —  pr/pbK) 


,  ,  v  \  VrKa 

+  PbAb  4  —  +  PrKr  -f  piK\ 


(22) 


PbK 


Again,  if  K  is  large,  PrKr  and  Pl Kx  are  much  less  than  1,  and  K A  is 
small,  etjuation  22  becomes  ^ 

kALpA 


r 


1  +  PbKb 


(23) 
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If  in  addition  pbA'b  »  1  equation  23  becomes 


and  if  PbAb  «  1, 


kALpA  _  ocLpA 
PbKb  Vb 

r  =  a'LpA 


(24) 

(25) 


Equation  25  represents  the  rate  when  none  of  the  components  is  strongly 
adsorbed,  equation  24  when  B  is  strongly  adsorbed,  and  equation  23 
when  B  is  moderately  adsorbed  and  the  other  components  weakly  ad¬ 
sorbed. 

Case  3.  Desorption  of  component  R  rate  controlling.  Here  the 
overall  rate  of  reaction  is  the  rate  ol  desorption  ot  R  minus  its  rate  ot 
adsorption : 

r  =  /cr'cr  —  /crPrCl  (2b) 

where  cr  is  assumed  to  be  in  equilibrium  with  components  A  and  B- 
The  resulting  equation  is 

_ knLKjpypB  —  Pr/A) _  ^7) 

1  pAKA  +  PbKb  T  PaPbArA  -T  P1A1 


If  A  is  large,  equation  27  reduces  to 


kRL  -  h  'T 
r  =  -  =  mi  1j 

Ar 


(28) 


Included  in  equations  10,  22,  and  27  are  terms  for  component  I,  which 
is  not  directly  involved  in  the  reaction.  It  piKi  is  large  or  oi  the  same 
order  of  magnitude  as  the  other  terms  in  the  denominators,  component 
I  is  termed  a  catalyst  poison.  If  adsorbed  molecules  ot  1  “  ^ 

moved  by  desorption  or  reaction  with  other  components  ol  the  system 
when  it  is  no  longer  present  in  the  gas  phase,  it  is  termed  a  revel  sible  or 
tempom  y  poison,  because  the  activity  will  again  increase  to  its  normal 
Hue  If  e"  removal  of  component  I.  If  component  1  ,s  very  strong  Y 
adsorbed  on  the  surface,  it  may  desorb  at  a  very  slow  rate,  ,1  at  all 
and  the  rate  will  be  permanently  decreased.  Such  components  are  called 

^rToHirsTwereTHd  for  molecular  adsorption  of  com- 

air— -2= 

jrrs  v  *. . .  — “  rr- 

terms  of  other  pressures  are  raised  to  the  Yi  power  (cj  n 
Watson  68). 
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In  almost  every  case,  the  constants  of  the  rate  equations  must  be 
evaluated  from  kinetic  data,  and  in  many  systems  it  is  not  possible  to 
establish  the  rate-controlling  mechanism  with  certainty  because  dif¬ 
ferent  mechanisms  may  give  the  same  type  of  rate  law.  Thus,  equa¬ 
tions  18  and  24  are  identical  in  their  dependencies  of  the  rate  on  the 
variables  of  the  reaction.  In  many  cases,  studies  of  the  reaction  over 
wide  ranges  of  pressure  are  informative.  At  very  low  partial  pressures 
the  terms  in  the  denominators  of  equations  16,  22,  and  27  become  less 
significant  with  respect  to  1. 

The  rate  and  equilibrium  constants  of  the  overall  rate  equation  arc 
temperature  dependent.  Rate  constants  may  be  expressed  as 

k  =  \e~AHt/RT  (29) 

and  equilibrium  constants  for  reactions  and  adsorption  processes  as 

Kx  =  Be~AHx/RT  (30) 

where  AH *  is  the  enthalpy  of  activation  and  AHx  the  heat  of  adsorption 
of  component  X.  Thus,  equation  24  may  be  expressed  as 


r  = 


LK'aPa  LAp\  _ 
-  —  - a 


(AHt-AIlB)/RT 


(31 


and  the  observed  energy  (enthalpy)  of  activation  is  AH%  -  AIIB. 
Since  heat  is  evolved  in  adsorption  processes,  AHB  is  negative  and  the 

observed  energy  of  activation  is  greater  than  that  of  the  actual  rate 
process  by  A//B. 

It  the  form  of  the  rate  equation  is  not  known  or  if  it  is  very  compli¬ 
cated,  overall  apparent  activation  energies  that  have  usefulness  may  be 
estimated  from  the  rates  of  reactions  at  various  temperatures  with  the 
average  partial  pressures  of  the  reactants  and  products  maintained  ap¬ 
proximate  y  constant.  This  may  be  achieved  by  comparing  the  rates 

61  if  at  COnstant  extents  of  conversion  or  at  very  low  conversions. 

ihe  derivation  .of  rate  equations  of  the  type  of  equations  12-31  in- 
voves  assumptions  that  are  not  strictly  correct  in  that  the  catalytic 
surface  is  assumed  to  be  uniform  with  respect  to  heat  of  adsorption  and 
activation  energies.  There  is  considerable  evidence  to  indicate  that 
iese  quantities  may  vary  considerably  with  the  extent  of  coverage  of 

fu the 

e-  equations  i„vo,ving  ^  ™ 
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cases  the  rate  equations  become  too  complicated  for  their  practical  ap¬ 
plication  to  catalytic  kinetic  data. 

Mass  transfer  to  the  catalyst  surface  is  of  two  types :  (a)  mass  transfer 
to  the  catalyst  particle,  or  (6)  mass  transfer  within  the  pores  of  the 
particle.  If  transfer  to  the  particle  is  the  rate-determining  step,  the 
overall  activation  energy  of  the  process  may  be  expected  to  be  of  the 
same  order  of  magnitude  as  those  for  diffusional  processes,  which  are 
usually  less  than  5  kcal  per  mole.  Chilton  and  Colburn  69  and  Gamson, 
Thodos,  and  Hougen  70  have  developed  equations  for  this  type  of  mass 
transfer  in  terms  of  Reynolds  and  Schmidt  numbers. 

Mass  transfer  within  the  pores  of  a  catalyst  is  rather  complicated. 
For  example,  consider  a  reaction  occurring  within  a  pore  whose  length 
is  very  much  greater  than  its  diameter.  Ii  there  is  no  change  in  number 
of  molecules  in  the  reaction,  the  rate  of  diffusion  of  reactants  in  the  pore 
is  proportional  to  the  concentration  gradient  along  its  length,  d  he 
concentration  gradient  is,  in  turn,  determined  by  the  number  of  mole¬ 
cules  reacting  along  the  walls  of  capillary.  It  the  numbei  of  molecules 
decreases  or  increases  in  the  reaction,  there  is  a  net  flow  into  or  out  of  the 
pore,  respectively,  in  addition  to  mass  transfer  by  diffusion.  If  the  re¬ 
action  is  very  rapid,  molecules  of  reactant  can  move  only  a  very  short 
distance  before  reacting,  and  the  fraction  of  the  pore  wall  that  is  ac¬ 
cessible  or  effective  is  small.  Conversely,  for  slow  reactions  a  gieatei 
fraction  of  the  pore  wall  is  accessible.  Increasing  the  temperature  ol  the 
system  increases  the  reaction  rate  and  may  decrease  the  depth  to  which 
the  reactant  can  penetrate  (the  rate  of  diffusion  increases  only  slightly 
with  temperature);  at  the  higher  temperature  a  smaller  fraction  of  the 
pore  surface  will  be  accessible.  Hence,  the  temperature  coefficient  of 
the  reaction  in  the  pore  may  be  smaller  than  on  a  plane  surface 

Thiele  71  presented  a  mathematical  analysis  of  several  simple  types 
of  reactions  occurring  in  pore  systems.  The  effectiveness  factor,  the 
ratio  of  the  rate  of  reaction  per  unit  total  surface  area  on  a  catalyst  of 
a  given  pore  structure  to  the  rate  per  unit  area  of  a  non-porous  surface 
of  identical  composition,  was  computed  in  terms  of  the  modulus 


where  d  is  the  particle  diameter,  k  the  activity  per  unit  surface  area,  D 

69  t  H.  Chilton  and  A.  P.  Colburn,  Ind.  Eng.Chem.  23,  913  (1931).  ^  j 

70  B.  W.  Gamson,  G.  Thodos,  O.  A.  Hougen,  Trans.  Am.  Inst.  Chem.  g  > 

(  71  E.  W.  Thiele,  Ind.  Eng.  Chem.,  31,  916  (1939). 
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the  diffusion  coefficient,  and  r  the  average  pore  radius.  I  he  variation 
of  the  effectiveness  factor  with  modulus  is  shown  in  Figure  16.  With 
increasing  values  of  the  modulus  the  effectiveness  lactor  decreases,  and 
at  high  values  of  the  modulus  the  slope  of  the  curve  approaches  —  1  on 
the  log-log  plot. 

For  the  simple  reactions  considered  by  Thiele,  it  may  be  shown  that, 
for  values  of  the  effectiveness  factor  near  unity,  the  activation  energy  for 
a  reaction  on  the  porous  catalyst  is  the  same  as  that  observed  on  a  plane 
surface.  As  the  effectiveness  factor  decreases,  the  observed  activation 


Figure  2-10.  Plots  of  effectiveness  factor  against  Thiele’s  modulus.  Reproduced 

by  permission  from  reference  71. 

energy  becomes  less  than  that  of  the  reaction  on  a  plane  surface,  ap¬ 
proaching  as  a  limit  an  activation  energy  equal  to  50  per  cent  of  that 
observed  on  a  plane  surface.  Thiele’s  analysis  of  simple  reactions  in 
simple  pore  systems  is  very  instructive,  and,  in  the  absence  of  similar 
relationships  lor  more  complicated  systems,  may  be  considered  as  a  first 
approximation  lor  any  type  of  reaction.  Empirical  methods  of  evalu- 

andgWateonC«ata  CUrV®8  hav®  been  prol>osed  by  Hougen 

Thus,  it  should  be  noted  that  in  many  cases  diffusion  in  the  pores  of 
a  catalyst  IS  related  to  the  rate  of  reaction  at  the  catalyst  surface  in  a 
annei  which  does  not  allow  the  reaction  to  be  classed  as  one  controlled 
ntnely  by  either  surface  processes  or  diffusion.  For  these  cases  in  the 

nULberT tt-**"*  «-  ^ 

by  the  effectiveness  factor.  The  effective' ^umbe^of tites 
constant,  but  has  the  same  temperature  dependence  as  the’etteivene^ 
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EXAMPLES  OF  CATALYTIC  REACTIONS 

In  this  section  the  kinetics  of  the  hydrogenation  of  olefins  and  the 
synthesis  of  ammonia  and  alcohols  will  he  discussed.  These  reactions 
were  chosen  because  they  have  been  studied  thoroughly  and  because  of 
their  similarity  in  some  respects  to  the  Fischer-Tropsch  synthesis. 


Hydrogenation  of  Olefins 


There  are  two  types  of  reactions  between  olefins  and  hydrogen.  The 
first,  which  occurs  at  low  temperatures,  is  the  addition  of  hydrogen  at 
the  double  bond,  while  the  second,  occurring  at  higher  temperatures,  is 
hydrocracking  to  saturated  hydrocarbons.  Both  reactions  are  thermo¬ 
dynamically  favorable  below  400° C.  The  temperature  at  which  hydro¬ 
cracking  reactions  become  important  depends  upon  the  catalyst.  Thus, 
a  copper  catalyst  hydrogenates  ethylene  to  ethane  at  temperatures  as 
high  as  250° C  or  300° C,  whereas  a  nickel  catalyst  hydrocracks  ethylene 

to  methane  at  temperatures  below  100°  C. 

Pease  72  studied  the  hydrogenation  of  ethylene  on  copper  catalysts 
at  0°-250°C  in  a  static  glass  system.  At  about  0°C  the  rate  was  given 


by 


<*Pn  2 
r  = - 

Pc2h4 


(32) 


with  the  activation  energy  in  this  range  being  about  13  kcal  per  mole. 
At  100°C  the  rate  followed  the  equation 

r  =  a'p  Hl  (33) 


the  activation  energy  again  being  13  kcal  per  mole.  At  200°C  the  rate 
law  was 


r  =  a  Pu.Pcyu 

and  the  activation  energy  was  6.0  kcal  per  mole.  Equations  32  and  34 
may  correspond  to  the  limiting  forms  of  equation  U,  assuming  a  surfac 
reaction  between  hydrogen  and  ethylene  as  the  rate-detei  mining  step. 
The  value  of  the  adsorption  equilibrium  constant  for  ethylene  in 
denominator  of  equation  17  should  decrease  exponentially  with  tempe  - 
t  md  «it  an  intermediate  temperature  the  rate  equation  may 

a  /ik  i  iQA  o  oqk  ( i Q23) '  47,  1,235  (1925),  47, 
72  r  N.  Pease,  J.  Am.  Chem.  Soc.,  45,  1,1%,  2,235  (l^),  ’ 

2,503  (1927). 
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drogen  is  the  rate-determining  step  and  that  ethylene  is  strongly  ad¬ 
sorbed  at  the  lower  temperature. 


Ethylene  and  hydrogen  are  strongly  adsorbed  at  0°C.  The  hydrogen 


adsorption  at  this  temperature  is  very  probably  chemisorption,  but  that 
of  ethylene  may  be,  at  least  partially,  physical  adsorption  because  0°C  is 


below  the  critical  temperature  of  ethylene  (9.7°C).  Carbon  monoxide  is 


more  strongly  adsorbed  than  hydrogen  or  ethylene,  and  small  amounts 


of  carbon  monoxide  severely  poison  the  catalyst  for  hydrogenation  of 


ethylene.  Thus,  the  catalyst  adsorbed  about  1  cc  of  hydrogen,  2  cc  of 
ethylene,  and  5  cc  of  carbon  monoxide  at  pressures  of  1  mm  Hg.  How¬ 
ever,  0.05  cc  of  carbon  monoxide  decreased  the  activity  to  12  per  cent 
of  its  original  value,  although  not  more  than  1  per  cent  of  the  surface 


was  covered  with  carbon  monoxide.  This  is  evidence  for  the  concept  of 


inhomogeneity  of  catalyst  surfaces. 

Emmett  and  Gray  73  studied  the  low-temperature  (-20°  to  +20°C) 
hydrogenation  of  ethylene,  propylene,  and  2-butene  on  pure  iron  cata¬ 
lysts  and  promoted  iron  synthetic-ammonia  catalysts,  using  a  glass  sys¬ 
tem  including  a  glass  turbine  for  circulating  gases  as  described  in  a  pre¬ 
vious  section  (p  70).  For  all  the  olefins  the  rate  was  approximately 
proportional  to  the  partial  pressure  of  hydrogen.  The  respective  hy¬ 
drogenation  rates  increased  slightly  with  increased  partial  pressure  of 
ethylene,  decreased  slightly  with  partial  pressure  of  propylene,  and  were 
independent  ol  the  partial  pressure  of  2-butene.  It  was  shown  that 
polymerization  reactions  did  not  occur  to  an  appreciable  extent  in  nnir 


60,  1,185  (1938). 

5);  Rev.  Chem.  Progress,  8,  105  (1947). 
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fully  planned  and  executed  and  are  the  most  complete  and  unambiguous 
of  any  catalytic  reaction  studied  to  date.  The  reaction  was  studied  in 
an  all-glass  system  in  which  the  reacting  gases  were  circulated  by  a  glass 
turbine.  The  reaction  was  strictly  first  order  with  respect  to  hydrogen, 
and  the  rate  was  somewhat  decreased  by  high  ethylene  to  hydrogen 
ratios.  Surface  areas  were  determined  by  physical  adsorption  of  an 
inert  gas,  and  activities  were  expressed  in  terms  of  the  first-order  rate 
constant  divided  by  surface  area,  the  intrinsic  activity.  For  all  the 
metals  studied  the  activation  energy  of  the  hydrogenation  was  10.7  kcal 
per  mole. 

The  evaporated  catalyst  films  were  prepared  with  extreme  care,  using 
high-vacuum  techniques,  from  pure  and  carefully  degassed  metal  wires. 
Thus,  the  catalyst  films  were  free  from  impurities  normally  introduced 
in  the  preparation  and  reduction  of  metal  catalysts,  such  as  adsorbed 


ions,  hydrogen,  or  residual  oxygen.  Films  evaporated  in  high  vacuum 
were  highly  porous;  eg,  a  nickel  film  weighing  50  mg  and  having  an  ap¬ 
parent  surface  of  30  sq  cm  had  a  surface  area  of  about  5,000  sq  cm.  This 
film  gave  an  electron  diffraction  pattern  of  randomly  oiiented  aggiegates 
of  crystallites.  Films  evaporated  in  an  inert  atmosphere  such  as  1  mm 
Hg  of  argon  gave  an  electron  diffraction  pattern  of  completely  oriented 
metal  in  which  the  110  plane  of  the  face-centered  cubic  nickel  lattice 
was  oriented  parallel  to  the  glass  surface.  The  surface  areas  were  about 
twice  as  large  as  the  unoriented,  high-vacuum  films.  The  intrinsic  ac¬ 
tivity  of  the  oriented  films  was  about  five  times  that  of  unoriented  ones. 
Rate  measurements  were  made  on  a  series  of  metals  as  shown  in  Figuie 
17,  in  which  the  intrinsic  activity  is  plotted  against  the  lattice  distance  ol 
the  metals.  The  data  fall  on  a  smooth  curve,  with  a  maximum  for 
rhodium  with  a  spacing  of  3.75  A,  which  approximates  the  distance  be¬ 
tween  hydrogen  atoms  in  opposite  methyl  groups  of  ethane. 

The  dependencies  of  the  rate  on  partial  pressure  suggest  as  rate¬ 
determining  steps  either  the  rate  of  reaction  of  adsorbed  molecular  hy¬ 
drogen  and  adsorbed  ethylene  with  moderately  strong  adsoip  ion  o 
ethylene  (equation  18)  or  the  rate  of  adsorption  of  hydrogen  with  weak 
adsorption  of  ethylene  (equations  24  and  25).  These  mechanisms  were 
considered  critically  in  the  light  of  the  following  observation*. 

1  The  rate  of  adsorption  of  hydrogen  was  instantaneous  in  this 
range  and  the  activation  energy  of  the  adsorption  was  about  zero. 

‘  2.  Adsorbed  ethylene  dissociated  to  form  acetylenic  Comdexes  and 
hydrogen  atoms.  These  acetylenic  complexes  act  as  a  po.son  to 

h^Th?foltowing  mechanism  was  proposed:  The  rate  of  removal  of  acet¬ 
ylenic  complexes  is  proportional  to  partial  pressure  of  hydrogen  and 
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inversely  proportional  to  that  of  ethylene.  1  he  area  available  to  hy¬ 
drogen  adsorption  (ie,  the  area  not  covered  by  acetylenic  complexes) 
also  has  this  dependence,  and  the  area  of  the  surface  not  occupied  by 
acetylenic  complexes  is  always  covered  by  adsorbed  hydrogen  atoms. 
The  rate  of  hydrogenation  is  proportional  to  the  fraction  of  the  surface 
covered  by  hydrogen  and  the  partial  pressure  of  ethylene;  this  implies 
that  physically  held  ethylene  reacts  with  the  chemisorbed  hydrogen. 


k 


Ihus,  the  overall  rate  of  reaction  is  proportional  to  the  pressure  of 

hydrogen.  Equations  18,  24,  and  25  do  not  lead  to  this  interpretation. 

he  rate  constant  k  for  a  catalytic  reaction  may  be  expressed  in  the 
toim  given  by  Eynng: 67 

zL  -ASt/ff  -&H\/RT 

h  e  (35) 

tllri!  i  ^  h  T  Boltzmann  3,1,1  Planck  constants,  and  ASJ  and  Ml* 
the  entropy  and  energy  (enthalpy)  of  activation.  The  rate  constants 
n  F,g„re  „  d.ffer  by  as  much  as  10*.  Since  the  energy  oitct“l 

i„L  1 y.  “i; “  ““ « 

geometry  of  the  reactants.  Recently,  Boudart  »«- 
'  “  M.  Boudart,  J.  Am.  Chem.  Soc.,  72,  1,040  (1950). 
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suggested  that  the  entropy  of  activation  may  not  depend  upon  the 
lattice  dimensions  but  upon  the  electronic  structure  of  the  metals,  es¬ 
pecially  the  configuration  of  the  d-shells  (see  p  5).  According  to  Paul¬ 
ing’s  theory  of  metals  756  the  lattice  spacing  is  a  function  of  the  d-char- 
acter  of  the  metallic  bond.  For  the  data  of  Figure  17,  Boudart  found 
that  the  logarithm  of  activity  was  a  steadily  increasing  function  of  the 
per  cent  d-character  of  the  bonds  of  the  metals. 

Carbon  monoxide  was  strongly  chemisorbed  on  these  films  at  room 
temperature  and  was  an  effective  poison  for  the  hydrogenation  of 
ethylene.  In  contrast  to  the  data  of  Pease  72  on  poisoning  of  copper 
catalysts,  in  which  small  quantities  of  carbon  monoxide  greatly  de¬ 
creased  the  activity,  the  decrease  in  activity  of  the  evaporated  films  was 
directly  proportional  to  the  amount  of  chemisorbed  carbon  monoxide. 
These  data  indicate  that  the  surface  of  the  evaporated  films  has  uniform 


activity.  The  difference  in  the  poisoning  of  the  metal  films  and  granular 
precipitated  and  reduced  catalysts  may  be  due  to  differences  m  the 
geometry  of  the  atoms  or  to  the  difference  in  pore  structure  ( te ,  acces¬ 
sibility  of  the  surface). 

Tschernitz,  Bornstein,  Beckman,  and  Hougen  76  studied  the  kinetics 
of  the  hydrogenation  of  co-dimer,  mixed  iso-octenes,  on  a  supported 
nickel  catalyst  in  a  metal-block  reactor.  The  data  were  analyzed  by  the 
methods  of  Hougen  and  Watson.  Seventeen  possible  rate  equations 
were  written  for  the  reaction,  and  the  constants  of  these  equations  were 
determined  by  the  method  of  least  squares  for  a  number  of  experiments 
in  which  the  partial  pressures  of  hydrogen,  co-dimer,  and  hydrogenated 
co-dimer  were  varied  at  temperatures  of  200°,  2/5  ,  and  325  C.  A 
rate  equations  except  two  were  eliminated  because  some  of  their  con¬ 
stants  had  large  negative  values  where  only  positive  values  were  pos¬ 
sible  and  other  constants  that  should  be  zero  had  large  positive  or  neg¬ 
ative  values.  The  two  acceptable  equations  agreed  with  the s  expe i  - 
mental  data  with  average  deviations  of  ±  17  per  cent  and  ±34  per  cent. 
The  equation  with  the  smallest  average  deviation,  corresponding  to  a 
reaction  mechanism  in  which  the  rate-controlling  step  is  a  surface  re¬ 
action  between  adsorbed  co-dimer  and  adsorbed  molecular  hydrogen,  is 


«iven  by  aKnKypnPv 

r  [l  +  KuPh  +  AuPu  +  Arsps]2 


(36) 


where  the  subscripts  H,  U,  and  S  represent  hydrogen,  co-dimer,  an/I 

»  L.  Pauling,  Free.  Ron.  Soc.  (London),  AIM  348  0949)  4m. 

*  J.  L.  Tschernitz,  S.  Bornstein,  R.  B.  Beckman,  and  U.  A.  n  6 
Inst.  Chern.  Engrs.,  42,  883  (1946). 
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hydrogenated  co-dimer,  respectively,  and  a  is  the  product  of  the  ef¬ 
fective  surface  area  times  the  surface  rate  constant.  At  2/5°C  with  the 
pressures  expressed  in  atmospheres  the  values  of  the  adsorption  equilib¬ 
rium  constants  are  Ah  =  0.246,  Au  =  0.503,  and  As  =  0.065.  At 
pressures  lower  than  0.1  atm  the  rate  law  approaches  equations  19  and 
34,  observed  by  Pease  for  the  hydrogenation  of  ethylene  on  copper  cata¬ 
lysts  at  200° C. 

The  temperature  dependencies  of  the  adsorption  equilibrium  constants 
and  a  were  expressed  as 

AS/,‘e 


Kx  =  e*S/R„-SH/RT 
a  =  eB/Re-AHt/RT 


(37) 

(38) 

where  AH  and  AS  represent  enthalpies  and  entropies  of  the  adsorption 
and  rate  process.  The  values  of  these  quantities  were  found  to  be  as 
follows: 


AH 

AS 

Hydrogen 

-  3,110 

-  8.49 

Co-dimer 

940 

-  3.08 

Hydrogenated 

co-dimer 

-13,700 

-30.40 

a 

+  1,740° 

+  2.82  * 

°  Enthalpy  of  activation. 
h  A  constant  related  to  entropy  of  activation. 

1  he  high  values  of  the  heat  and  entropy  of  adsorption  terms  for  hy¬ 
drogenated  co-dimer  are  unexpected.  It  should  be  noted  that  the 
product  of  adsorption  constants  AH  and  Kv  decreases  more  rapidly  than 

a  increases  with  temperature,  so  that  the  rate  of  hydrogenation  decreases 
with  temperature. 


Ihl  Synthesis  of  Ammonia  on  Iron  Catalysts 

The  reaction  of  hydrogen  and  nitrogen  is  not  favorable  thermody¬ 
namically,  as  shown  by  the  data  of  Larson  and  Dodge: 77  * 

Temperature,  °C  350  400 

D 

U  _  *  NH3 

P~PKZP^~  0  0273  °0129 

‘  Na*  Ha 


450 

0 . 00070 


500 

0.00380 


presses;  for  example,  at  X 

^  •  Lai  son  and  Ii.  Ij.  Doduc  /  A  m  cr  .  _ 

ibid.,  46,  367  (1924).  Chem-  Soc"  «•  *.#'8  (1923);  A.  T.  Larson, 
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rium  with  3H2I  IN2  is  5.87  per  cent  at  30  atm  and  16.43  per  cent  at  100 
atm.  Nitrides  of  iron  such  as  Fe4N  and  Fe2N  can  be  formed  by  treating 
iron  with  pure  ammonia  at  temperatures  of  the  synthesis,  and  this  nitro¬ 
gen  can  be  removed  as  ammonia  by  pure  hydrogen.  Emmett,  Hendricks, 
and  Brunauer  78  have  computed  the  dissociation  pressure  of  Fe4N  from 
the  equilibrium  constant  of  the  reaction  8Fe  +  2NH3  =  2Fe4N  + 
3H2.  At  420° C  and  above,  the  dissociation  pressure  of  Fe4N  is  greater 
than  4,000  atm.  Thus,  bulk-phase  nitrides  of  iron  cannot  be  formed 
from  nitrogen  and  are  not  intermediates  in  the  ammonia  synthesis. 

The  development  of  the  fused  magnetite  catalysts  of  Larson  and  co¬ 
workers  79  illustrates  the  effect  of  promoters  on  catalyst  activity;  some 
of  these  data  are  presented  in  Table  8.  Addition  of  difficultly  reducible 


Table  8.  Effect  of  Promoters  on  Fused  Iron  Catalysts,  450°C  and  Space 

Velocity  of  3H2  4-  1N2  of  5,000“ 


(Equilibrium  percentages  of  ammonia  are  5.81  at  30  atm  and  16.43  at  100  atm.) 


Quantity  of  Promoters, 
per  cent 

None  (pure  iron) 

0.20  K20 
1.01  A1203 

0.35  KoO  +  0.84  A1203 
0.61  Zr02 

0.96  K2()  — (—  0 .  /  5  Zr02 
0.51  Si02 

0.57  K20  -f-  0.  /  5  Si02 
1.71  W 

0.33  K20  +  0.59  W 
0.51  Mn 

0.30  K20  +  0.99  Mn 
1.04  Ni 

0.33  K20  -(-  0.37  Ni 


Ammonia  Formed,  per  cent 


30  atm 

100  atm 

3.30 

5.49 

1.57 

3.43 

5.02 

9.00 

5.82 

13.60 

4.88 

7.72 

5.43 

12.73 

4.67 

7.49 

5.33 

10.90 

3.51 

4.83 

4.53 

10.50 

4.60 

7.42 

3.72 

8.59 

3.24 

5.31 

2.00 

4.65 

“  Reference  79. 

oxides  to  iron  increased  the  catalytic  activity,  whereas  reducible  oxides 
such  as  those  of  nickel  and  copper  decreased  the  activity.  Catalysts 
containing  potassium  oxide  and  difficultly  reducible  oxides  were  con¬ 
siderably  more  active,  especially  at  100  atm,  than  those  containing  only 

7,  p  u  Emmett,  S.  B.  Hendricks,  and  S.  Brunauer,  ibid.,  52,  1,456  (1.130). 
i.  A.  T.'  Larson  and  A.  P.  Brooks,  Ind.  Eng.  Che «,  18,  1,305  (1926). 
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the  difficultly  reducible  oxide.  The  presence  of  alkali  decreased  the 
activity  of  pure  iron  catalysts  or  those  containing  easily  reducible  oxides. 
The  difficultly  reducible  oxides  act  as  structural  promoters,  as  described 
in  a  previous  part  of  this  chapter  (pp  42  and  64). 

The  promoter  action  of  potassium  oxide  in  conjunction  with  a  diffi¬ 
cultly  reducible  oxide  has  been  postulated  to  consist  in  accelerating  the 
rate  of  desorption  of  ammonia  from  the  catalyst,3  possibly  from  the  diffi¬ 
cultly  reducible  oxide.  Kagan,  Morozov,  and  Podurovakaya  80  found 
that  ammonia  was  strongly  adsorbed  on  alumina  from  600°  to  700°C. 
Addition  of  potassium  oxide  decreased  the  adsorption  of  ammonia.  The 
data  in  Table  8  indicate  that  the  best  promoters  for  iron  catalysts  are 
alumina,  zirconia,  or  silica  together  with  potassium  oxide. 

In  the  United  States,  synthetic-ammonia  catalysts  are  usually  pre¬ 
pared  by  fusing  a  suitable  magnetite  powder  (or  ore)  together  with  pro¬ 
moters  in  an  electric  resistance  furnace.  This  method  of  preparation  has 
been  described  by  Larson  and  Richardson  81  and  Bridges,  Pole,  Beinlich, 
and  Thompson.82 

Chemisorption  of  nitrogen  on  iron  catalysts.  Adsorption  of  hy¬ 
drogen  on  iron  catalysts  (p  58)  occurs  rapidly  at  synthesis  temperatures 
and  very  probably  is  not  a  rate-determining  step  in  reaction.  However, 
nitrogen  chemisorbs  considerably  more  slowly  than  hydrogen.  Emmett 
and  Brunauer  83  studied  the  chemisorption  of  nitrogen  at  273°-450°C  on 
promoted  and  pure  iron  catalysts.  At  400°C  the  rate  of  adsorption  was 
of  the  same  order  as  the  rate  of  synthesis  of  ammonia.  The  energy  of 
activation  ol  the  adsorption  was  16.0  kcal  per  mole,  and  the  heat  of 
adsorption  3o.O  kcal  per  mole.  The  chemisorbed  nitrogen  was  readily- 
removed  by  hydrogen  to  form  ammonia  at  200°C.  The  same  amount  of 
mtrogen  was  adsorbed  from  an  NH3-H2  mixture  having,  on  the  basis 
of  the  equilibrium  constant  for  the  formation  of  ammonia,  the  same 
partial  pressure  of  mtrogen  as  in  experiments  with  pure  nitrogen 

Catalyst  poisoning  with  water  vapor.  Almquist  and  Black « 
show  ed  that  appreciable  amounts  of  oxygen  were  retained  bv  catalysts 

','t  444«7  F  "  -n  3H2  f  I  1Nz,gaS  containin8  0.016  per  cent  water  vapor 
at  444  C.  Equilibrium  data  show  that  massive  iron  is  not  oxidized  by  a 

vater  vapor-hydrogen  mixture  until  the  water  vapor  exceeds  1C  per 

cent.  The  amount  of  water  taken  up  was  equivalent  to  the  oxidation  of 

wfslx °'  M'  Po“^-  '•  «*■ 

"o.  1.  sXa£ 

Progress,  43,  291  (1947).  ’  ’’  1  n.  L.  Thomp 


*  I''  &nd  S'  Brunauer»  J-  Am.  Chem.  Soc  56  35  (1934) 

J.  A.  Almquist  and  C.  A.  Black,  ibid.,  48,  2,814  (1926).*  '  ' 


'Son,  Chem.  Eng. 
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about  1  iron  atom  in  400.  These  authors  concluded  that  active  atoms 
on  the  surface  have  a  greater  tendency  to  oxidize,  and  that  these  are 
probably  the  same  iron  atoms  that  can  chemisorb  nitrogen  at  pressures 
considerably  lower  than  those  required  to  form  bulk-phase  Fe4N.  The 
chemisorption  of  water  at  atmospheric  and  100  atm  pressure  841 85  seri¬ 
ously  inhibited  the  activity  of  the  catalysts  in  the  ammonia  synthesis. 
However,  the  poisoning  was  only  temporary,  for  when  the  water  vapor 
was  removed  from  the  gas  stream,  the  catalysts  gradually  regained  their 
initial  activity. 

Kinetics  of  the  decomposition  of  ammonia.  The  catalytic  de¬ 
composition  of  ammonia  can  be  studied  easily  at  atmospheric  pressure 
because  the  equilibrium  concentration  of  ammonia  is  quite  low.  On 
most  iron  catalysts  the  rate  may  be  expressed  as 


r 


&P  NHa 

V  h2 


(39) 


where  n  <  1  and  m  is  usually  less  than  1.  Winter  86  found  n  to  be 
about  1  and  m  =  §  for  an  iron  catalyst  supported  on  alumina.  Love 
and  Emmett  87  found  for  the  decomposition  of  ammonia  on  doubly  pro¬ 
moted  catalysts  that  vn  =  0.67  and  n  =  0.9;  the  activation  eneigy  ^as 
45.6  kcal  per  mole  (Figure  18).  With  singly  promoted  catalysts  the 
kinetics  were  quite  unusual,  as  illustrated  in  Figure  19.  In  the  region 
between  400°  and  425°  C  the  rate  was  approximately  proportional  to  the 
hydrogen  pressure,  inversely  proportional  to  the  pressure  of  ammonia, 
and  independent  of  the  temperature  (very  low  activation  energy). 
Above  and  below  the  horizontal  portions,  the  activation  energies  weie 
20-30  kcal  per  mole  in  various  experiments,  and  the  dependence  of  rate 
on  partial  pressures  approached  that  of  the  doubly  promoted  catalyst. 
It  was  postulated  that  the  horizontal  portion  of  the  rate  curve  may  be 
related  to  accumulation  of  NH  or  NH2  groups  on  the  surface,  causing 
another  reaction  step  to  become  rate  controlling. 

Equations  of  Temkin  and  Pyzhev  applied  to  the  rates  of  de¬ 
composition  and  synthesis  of  ammonia.  The  rate  equation  foi  lie 
decomposition  of  ammonia  could  not  be  related  to  the  reaction  mec  na¬ 
nism  that  seems  most  plausible,  ie,  that  the  slow  step  is  the  escape  of 
nitrogen  molecules  from  the  surface,  according  to  equations  of  the  type 
described  on  pp  77-82.  Temkin  and  Pyzhev  “  proposed  some  unusual 

*>S.  Brunauer  and  P.  H.  Emmett,  ibid.,  DZ,  2,(582  (1930). 

86  E.  Winter,  Z.  physik.  Chem.,  B13,  401  (1931). 

*7  K.  S.  Love  and  P.  H.  Emmett,  J  Am.  Chem.  Soc  63  3,24,  W 

88  M.  Temkin  and  V.  Pvzhev,  Acta  Phystcochim.  U.R.S.S.,  12, 
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Figure  2-18.  Temperature  dependence  of  rate  of  ammonia  decomposition  on  cata¬ 
lyst  931  (Fe-AfeOs-I^O).  Dotted  curves  have  been  corrected  for  small  change  in 
composition  of  the  gas  in  passing  through  catalyst.  Reproduced  by  permission  from 

reference  87. 
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equations  lor  the  interaction  of  nitrogen  and  iron  which  have  apparently 
solved  the  problem.  These  equations  are: 


9  =  -  In  aop'N2  (40) 

r  =  kaPu2e  0°  (41) 

w  =  kdehd  '  (42) 

where  9  =  fraction  of  the  surface  covered  by  adsorbed  nitrogen. 
p'n2  =  equilibrium  nitrogen  pressure. 

r  =  rate  of  adsorption  of  nitrogen. 

PNi  =  instantaneous  nitrogen  pressure. 
w  =  rate  of  desorption  of  nitrogen. 
ka,f,a0,kd,  and  g  are  constants. 


The  adsorption  of  nitrogen  from  an  ammonia-hydrogen  mixture  was 
assumed  to  be  the  same  as  it  would  be  with  a  partial  pressure  ol  nitrogen 
equal  to  the  pressure  of  nitrogen  in  equilibrium  with  the  ammonia-hy¬ 
drogen  mixture.  Thus,  the  equivalent  nitrogen  pressure  is  equal  to 


P2nh3/^P3h2,  and 

1  ,  1  .  Pnh, 

9  =  -  In  a0p  n2  =  7  ln  «o  3  K 
i  J  P  hA 


(43) 


Then,  if  the  slow  step  is  the  escape  of  nitrogen  molecules  from  the  sur¬ 
face,  the  rate  of  decomposition  of  ammonia  is  given  by  the  rate  ol  de¬ 
sorption  of  nitrogen  molecules: 


w  =  kde 


-  [(h/f )  In  a0Z>2NH3/p3H2K1 


(44) 


If  h/f  is  assumed  to  be  i,  equation  44  reduces  to  the  rate  expression 
found  by  Winter,86  and  if  h/f  =  0.3,  the  equation  is  that  of  Love  and 

TT1  |V4  |Y\  of  f  ^  . 

'  The  rate  of  synthesis  is  assumed  to  be  equal  to  the  rate  of  adsorption 


of  nitrogen : 


r  =  kaP  n2c 
=  k\P n2  I 


-[(g/f)  In  a0P2NH/^p3H2l 


'  „3  \o/f 
P  II2  \ 

,p2m\J 


(45) 
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From  a  balance  of  the  rates  of  synthesis  and  decomposition  at  equilib¬ 
rium,  g/f  =  h/f.  With  h/f  assumed  to  be  equal  to  the  rate  equation 
for  the  synthesis  becomes 


1 

2  rNH3 


PN2PH21'5 

Pnh3 


-  k 


V  NHa 
2  -n  15 


(46) 


It  should  be  noted  that  the  equations  of  Temkin  and  Pyzhev  apply 
satisfactorily  only  to  the  kinetics  on  doubly  promoted  catalysts. 

Temkin  and  Pyzhev  88  and  Emmett  and  Kummer  89  applied  equation 
46  to  atmospheric-  and  high-pressure  synthesis  of  ammonia  on  doubly 
promoted  iron  catalysts.  The  calculations  are  too  detailed  for  the 
present  discussion,  and  the  reader  is  referred  to  the  paper  of  Emmett 
and  Kummer.89  The  rate  equation  was  tested  by  computing  the  value 
of  a  constant  that  is  proportional  to  the  term  kd  of  the  rate  of  desorption 
equation  44.  The  calculated  values  of  this  rate  constant  at  a  given 
temperature  were  remarkably  constant  over  wide  ranges  of  pressures, 
gas  flow,  and  composition;  for  example,  the  kinetic  data  of  Emmett  and 


Kummer  cover  space  velocities  of  25,000-125,000  per  hr,  pressures  of 
33.3-100  atm,  temperatures  from  370°  to  450°C,  and  gas  compositions 
of  3H2  +  1X2,  1H2  +  1N2,  and  1H2  -f  3N2.  In  general,  the  rate  con¬ 
stants  at  a  given  pressure  and  temperature  varied  by  only  20-30  per¬ 
cent  over  these  wide  ranges  of  composition  and  flow;  however,  the  con¬ 
stants  at  a  given  temperature  decreased  about  two-fold  from  33.3  to 
100  atm.  The  temperature  dependence  of  the  rate  constant  should  be 
that  of  the  decomposition  of  ammonia;  the  activation  energies  for  the 
ammonia  decomposition  calculated  from  the  synthesis  data  varied  from 
45,000  to  53,000  kcal  per  mole,  comparing  favorably  with  the  direct 
measurement  ol  this  activation  energy  by  Love  and  Emmett  87  of  46  5  ± 
2.0  kcal  per  mole.  At  least  a  part  of  the  variation  of  the  rate  constant 

ha  !  fZT  may  at‘ribUtf,d  *°  the  fact  that  Partial  pressures  rather 
than  fugacities  were  used  in  all  the  calculations. 

Thus  the  equations  of  Temkin  and  Pyzhev  »»  have  been  shown  to  be 
essentially  correct  for  both  the  synthesis  and  decomposition  of  am 
monia  and  the  tests  of  these  equations  have  been  as  severe  as  those  an 
plied  to  any  catalytic  reaction.  The  method  of  development  „f  ,u  ’ 
rate  equations  has  general  similarities  with  the  usual  tvDo  of  K  'o'' 
equations,  such  as  those  of  Hougen  and  Watson  «  except  that  H 
tions  for  the  amounts  of  gas  adsorbed  and  the  ’rates  of  adsornt  ^ 
desorption  are  not  of  the  simple  Langmuir  type  BrunauerT 

•T,: : equations  iJ  t 

-S.  Brunauer,  K.  S.  Love,  anTH j'Tm  « 

Tveenan,  J.  Am.  Chem.  Soc.,  64,  751  (1942). 
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rates  of  adsorption  and  desorption  by  the  general  method  of  Langmuir, 
but  with  the  assumption  that  the  surface  is  heterogeneous;  ie,  the  heats 
of  adsorption  and  activation  energies  of  adsorption  are  not  constant  but 
decrease  linearly  with  the  amount  of  gas  adsorbed.  These  equations  re¬ 
duce  to  those  of  Temkin  and  Pyzhev  for  a  limited  range  of  coverage  of 
the  surface.  From  their  general  equations,  Brunauer,  Love,  and 
Keenan  90  were  able  to  calculate  the  adsorption  isotherm  of  nitrogen  at 
396° C  on  a  doubly  promoted  catalyst,  as  well  as  the  rate  equation  for  de¬ 
composition  of  ammonia,  from  data  for  the  rate  of  adsorption  of  nitrogen. 


The  Catalytic  Synthesis  of  Methanol  and  Higher  Alcohols 


The  equilibrium  constants  for  the  synthesis  of  methanol  from  hy¬ 
drogen  and  carbon  monoxide  are  considerably  less  than  one  for  tem¬ 
peratures  at  which  the  reaction  is  appreciably  fast  (temperatures  greater 
than  300°  C)  as  shown  by  data  in  Table  7  (Chapter  1,  p  21).  As  in  the 
ammonia  synthesis,  it  is  necessary  to  use  moderately  high  pressures  to 
realize  appreciable  yields  of  methanol.  Thus,  at  350°C  and  100  and  300 
atm  of  2H2  to  ICO  gas,  the  percentages  of  methanol  at  equilibrium  are 
3  7  and  19.5,  respectively.  The  formation  of  higher  alcohols  is  moie 
favorable  than  that  of  methanol,  and  at  the  same  pressure  of  operation 
the  synthesis  of  higher  alcohols  is  possible  at  considerably  highei  tem¬ 


peratures.  . 

Methanol  synthesis.  Oxides  of  zinc,  copper,  chromium,  manga- 

nese,  uranium,  beryllium,  and  zirconium  are  active  in  the  synthesis, 

and  some  mixtures  of  these  oxides  show  considerably  greater  activity 

than  pure  oxides.  Cobalt,  nickel,  iron,  platinum,  and  palladium  catalyze 

reactions  forming  methane  and  free  carbon  under  the  conditions  ol  opeia- 

tion  '  The  alkaline  earth  metal  oxides  as  well  as  those  of  magnesium 

titanium,  thorium,  aluminum,  silicon,  molybdenum,  vanadium,  am 

tUManyn  oTthTpa^rs  on  the  methanol  synthesis  discuss  the  effect  of 

catalyst  composition  on  activdty  and  jffoduct^ distribution^^  ^  some 

;X5r.2355-  “d T,““ 

counfoHhe  activity  o/znO-CuO  catalysts  as  a  function  of  composition 
..  K.  Frolich,  M.  R.  Fenske,  and  D.  Quiggle,  Ini.  Eng.  Chen,.,  20,  W4  (  .  )• 
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tent  of  decomposition  of  methanol  at  300°C  is  shown  in  Figure  20,  and 
the  products  formed  per  mole  of  methanol  decomposed  in  Figure  21. 
Methanol  decomposition  was  postulated  to  occur  according  to  CH3OH 
— >  HCHO  -j-  H2  followed  by  HCHO  — >  CO  -j-  H2  and  HCHO  — > 
^HC02CH3.  Catalysts  with  less  than  40  mole  per  cent  of  zinc  oxide  pro¬ 
duced  sizable  amounts  of  methyl  formate,  whereas  chiefly  carbon  monox¬ 
ide  was  formed  by  catalysts  with  more  than  50  mole  per  cent  zinc  oxide. 
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Figure  2-20.  Decomposition  of  methanol  at  atmospheric  pressure  and  360 °C  as  a 
unction  of  composition  of  zinc  oxide-copper  oxide  catalysts.  Reproduced  by  per¬ 
mission  from  reference  92. 

Formaldehyde  was  produced  in  small  and  nearly  constant  amounts  with 
a  these  catalysts.  The  greatest  activity  for  both  total  decomposition 
and  decomposition  to  carbon  monoxide  was  found  between  GO  and  70 
mole  per  cent  zinc  oxide. 

In  the  methanol  synthesis  «  this  series  of  catalysts  also  exhibited 
aximum  activity  at  60-70  mole  per  cent  zinc  oxide,  as  shown  in  Figure 

shown  in  ^23  Th"  V*!.?*  °1  dec»“P°^ion  and  synthesis  is 
ti  •  .  .  '  le  correlation  between  decomposition  and  svn 

used'in  thTcomn^  ^“h  “  ““  deeomPosition  to  carbon  monoxide  is 
and  total  H.  comparifon;  however,  the  comparison  between  synthesis 
and  total^  decomposition  is  very  much  less  satisfactory.  Studies  of  a 

(1928).  1Ch’  M  R'  Ftnslie’  P-  s-  Taylor,  and  C.  A.  Southwich,  t bid.,  20,  1,327 
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catalyst  by  the  reverse  reaction  are  in  some  cases  more  simple  experi¬ 
mentally  than  studies  of  the  forward  reaction ;  however,  the  results  may 
not  be  very  reliable.  For  example,  Storch  93  found  that  the  addition  of 


chromium  oxide  to  a  zinc  oxide  catalyst  increased  its  activity  in  the 
methanol  synthesis  but  did  not  change  its  catalytic  activity  in 

^Sitwich  were  reduced  in  methanol  vapor  at  200°- 
220° C  before  use.  The  weight  loss  on  reduction  was  usua  y  gica  ei 

93  H.  H.  Storch,  J.  Phys.  Chem.,  32,  1,743  (1928). 
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than  that  corresponding  to  complete  reduction  of  the  copper  oxide,  in¬ 
dicating  some  reduction  of  the  zinc  oxide  (with  the  possible  formation  of 
a-brass).  X-ray  studies  94  of  these  catalysts  showed  that  copper  and 
zinc  oxide  have  the  same  crystal  structure  as  the  pure  materials,  but  have 
different  lattice  parameters  in  two-component  catalysts.  As  shown  in 
Figure  24,  the  lattice  dimensions  of  copper  increased  with  the  amount  of 


Figure  2-22.  Conversion  to  methanol  at  204  atm  pressure  and  various  temperatures 
as  a  unction  of  composition  of  zinc  oxide-copper  oxide  catalysts.  Reproduced  by 

permission  from  reference  92. 


zmo  oxide,  passed  through  a  maximum  and  a  minimum,  and  finally  in- 

of^  Tl  W‘th  !nCrease  in  c°PPer  the  lattice  parameter 

of  ano  ox.de  decreased  to  a  minimum  and  increased  to  a  value  greater 

than  that  of  pure  zinc  oxide.  The  authors  related  the  shorter  dimension 
the  copper  lattice  to  the  decomposition  of  methanol  to  methyl  formate 
as  shown  m  Figure  25,  and  the  shorter  dimensions  of  the  zinc  oxdde“ 
the  activity  for  decomposition  to  carbon  monoxide  (Figure  20)  The 
authors  suggested  that  some  of  these  effects  may  have  been  due  to  d!“ 

(1929). K'  Fr°liCh’  R'  h-  Uavidso".  xxl  M.  R.  Fenske,  Ind.  Bn Chem,  21,  109 
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Figure  2-23  Comparison  of  methanol  decomposition  at  atmospheric  pressure  and 
f^Zis  at  204  atm^ pressure  with  composition  of  zinc  oxide-copper  ox.de  catalysts. 
Reproduced  by  permission  from  reference  J2. 
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ferences  in  surface  area,  but  at  that  time  no  satisfactory  method  of  area 
determination  was  available. 

With  Zn0-Cr203  gel  catalysts,  Frolich  and  Cryder  95  found  maximum 
activity  for  the  synthesis  when  the  catalyst  contained  75  mole  per  cent 


Zn  and  they  observed  sat.sfactory  agreement  between  the  activities  for 
decomposition  of  methanol  to  carbon  monoxide  and  for  the  sv  l  esi,  7 
shown  in  Figure  27.  Fenske  and  Frolicli  »«  described  „  „  8ynthe™>  as 

of  copper: zinc: chromium  (49-43-8)  escnbed  a  ternary  catalyst 

thesis.  W--W-8)  that  was  very  active  in  the  syn- 


«  M  R  pff  “"'Vo  l CryJer' <bid -  21-  8(17  (1929). 

■  ■  enske  anti  P.  K.  Frolich,  ibid.,  21,  1,052  (1929). 
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Figure  2-25.  Comparison  of  the  dimensions  of  the  copper  lattice  with  the  decompo¬ 
sition  of  methanol  to  methyl  formate  as  a  function  of  composition  of  zinc  oxide- 
copper  oxide  catalysts.  Reproduced  by  permission  from  reference  94. 


Dodge  and  Newton  97  considered  the  thermodynamics  ol  the  forma¬ 
tion  of  formaldehyde  and  its  hydrogenation  to  methanol  according  to 

reactions  47  and  48: 


Ho  +  CO  =  HCHO 

„  Phcho 

A 1  - 

Pn2Vco 

(47) 

HCHO  +  H2  =  CH30H 

PCHsOH 

A  2  — 

PII2PHCHO 

(48) 

Dodge  and  R.  H.  Newton,  J .  Am. 

Chem.  Soc.,  55,  4,74  <  (1933). 
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Figure  2-26.  Comparison  of  the  change  in  zinc  oxide  lattice  with  decomposition 
o  methanol  to  carbon  monoxide  as  a  function  of  composition  of  zinc  oxide-copper 
oxide  catalyst.  Reproduced  by  permission  from  reference  94. 

and  gave  the  values  of  /t,  as  1.9  X  1(T5  and  1.5  X  KT5  and  of  K,  as 
0  and  8.3  at  2o0°  and  350°C,  respectively.  Thus,  formaldehyde  if 
ormed  as  an  intermediate,  may  be  expected  to  be  readily  hydrogenated 
o  methanol  ,f  the  catalyst  is  suitable.  Most  worke.s  suggest 
formation  of  methanol  proceeds  through  formaldehyde  as  an  inter¬ 
mediate  and  all  methanol  catalysts  are  assumed  to  be  effective  in  cata- 

IcZ  pra“  S°  ^  ^  ^  fcund  in  Zt 

lOpTcenT^  Sc  mZ  "  wUnd  dimethyl  ether  »  counts  as  large  as 

»  lano  fiom  a  normal  zinc  chromate  catalyst.  The 

*  R'  L  BrOWn  and  A-  E-  G»"°way,  Ind.  Eng.  Chern.,  21,  310  (1929). 
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ether  formation  was  attributed  to  a  subsequent  dehydration  of  methanol 
on  the  catalyst,  since  the  ratio  ol  ether  to  alcohol  decreased  as  the  space 
velocity  was  increased. 

Kinetic  data  lor  the  methanol  synthesis  are  meager.  Lewis  and  Fro- 
lich  99  studied  some  of  the  variables  of  the  synthesis  on  a  precipitated 


Figure  2-27.  Comparison  of  methanol  decomposition  at  340 °C  and  atmospheric 
pressure  and  synthesis  at  350  °C  and  204  atm  with  composition  of  zinc  oxide-chromium 
oxide  catalysts.  Reproduced  by  permission  from  reference  95. 


zinc  oxide-copper  oxide-alumina-metallic  copper  supported  catalyst 
(Zn0:Cu0:Al203:Cu  support  =  36:44:20:300)  in  a  flowing  high- 
pressure  reactor.  The  gas  was  composed  of  70  per  cent  hydrogen,  20 
per  cent  carbon  monoxide,  and  4  per  cent  inerts.  The  space-t.me-y.eld 
at  constant  temperature  increased  with  flow  of  gas,  as  shown  in  Figure 
28  and  increased  with  pressure,  as  shown  in  Figure  29.  1  lie  traction  oi 
the  carbon  monoxide  converted  to  methanol  at  constant  total  pressuie 
and  flow  increased  with  temperature  to  about  340°  C  and  then  decrease  , 
as  shown  in  Figure  30.  This  decrease  was  related  to  loss  ol  catalytic 


99 


W.  K.  Lewis  and  P.  K.  Frolich,  ibid.,  20,  285  (1928). 
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Figure  2-28.  Space-time-yield  of  methanol  as  function  of  gas  flow.  40  cc  of  zinc 
oxide-copper  oxide-alumina  catalyst  tested  at  204  atm  pressure  of  2.7H2  to  ICO  gas. 
Reproduced  by  permission  from  reference  99. 
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activity  at  the  higher  temperatures,  possibly  because  of  sintering  of  the 
catalyst.  At  the  higher  temperatures,  appreciable  fractions  of  the  car¬ 
bon  monoxide  were  converted  to  products  other  than  methanol. 


Figure  2-30.  Effect  of  temperature  on  the  methanol  reaction  on  zinc  oxide-copper 
oxide-alumina  catalyst.  40  cc  of  catalyst  at  flow  of  80  1  (STP)  per  hr  of  2.7H2  to 
ICO  gas  at  204  atm  pressure.  Reproduced  by  permission  from  reference  99. 


Synthesis  of  higher  alcohols.  The  synthesis  of  higher  alcohols  is 
of  special  interest  because  of  its  similarity  to  the  formation  of  higher 
hydrocarbons  by  the  Fischer-Tropsch  synthesis.  The  formation  ot 
higher  alcohols  is  more  favorable  thermodynamically  than  that  ot 
methanol.  Fischer 100  showed  that  alkalized  iron  catalysts  formed 
mixtures  of  hydrocarbons  and  alcohols,  both  containing  compounds  of 
more  than  one  carbon  atom.  At  460°-490°C  and  240  atm,  a  zinc  oxide- 
chromium  oxide-potassium  carbonate  catalyst  101  produced  liquid  prod¬ 
ucts  containing  17.8  per  cent  methanol,  2.3  per  cent  ethanol,  33.4  per 
cent  propanols,  2.5  per  cent  butanols,  9  per  cent  amyl  alcohols,  small 
amounts  of  higher  alcohols,  and  36  per  cent  water.  Morgan  102  showed 
that  the  presence  of  alkali  oxides  (and  CaO)  increased  the  yield  of  higher 
alcohols  from  a  Cr203-Mn0  catalyst. 


i°o  jr  Fischer,  ibid.,  17,  574  (1925). 

101  P.  K.  Frolich  and  W.  K.  Lewis,  ibid.,  20,  354  (1928).  r  . 

102  G.  T.  Morgan,  D.  V.  N.  Douglas,  and  R.  A.  Proctor,  J.  Soc.  Chem.  Ind.  {London), 

61,  IT  (1932). 
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The  criteria  for  synthesis  of  higher  alcohols  may  be  summarized  as 
follows : 

1.  Methanol  catalyst  plus  alkali. 

2.  Higher  temperatures  than  required  lor  the  methanol  synthesis, 
400°-500°C  as  compared  with  325°-375°C  for  methanol  synthesis.  It 
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Figure  2-31.  Conversion  of  carbon  monoxide  to  higher  alcohols  as  a  function  of 
the  teciprocal  of  space  velocity.  Reproduced  by  permission  from  reference  103. 

should  be  noted  that  the  equilibrium  concentration  of  methanol  at 
400  C  and  300  atm  with  2H2  -T  ICO  gas  is  only  6.3  per  cent. 

3.  Lower  space  velocities  than  those  used  in  the  methanol  synthesis.103 
Frolich  and  Cryder  103  studied  the  reaction  mechanism  of  the  higher 
alcohol  synthesis  on  a  Zn0-Mn0-K2Cr04  catalyst.  Figure  31  presents 
the  product  distribution  as  a  function  of  space  velocity.  The  yields  of 
methanol  were  greater  than  those  of  any  other  alcohol  at  all  space  ve- 
ocit.es  indicating  that  the  products  were  not  present  in  equilibrium 
amounts.  At  high  flows,  methanol  was  the  chief  product,  but  at  lower 
mvs  the  amounts  ol  higher  alcohols  increased.  The  yield  of  ethanol 
was  less  than  that  of  C3  or  C4  alcohols.  Only  small  amounts  of  acetic 
acid  and  ketones  were  formed,  and  most  of  the  acids  were  present  as 

“P.  K.  Frolich  and  D.  S.  Cryder,  h,d.  Ena.  Chem..  22.  1,051  (1930). 
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esters,  these  data  indicate  that  methanol  may  be  an  intermediate  in 
the  synthesis  and  that  the  rate-controlling  step  may  be  the  formation  of 
ethanol,  since  its  concentration  is  much  lower  than  that  of  methanol  or 
higher  alcohols.  The  distribution  of  alcohols  is  strikingly  similar  to  the 
products  from  Fischer-Tropsch  synthesis,  in  which  the  yields  of  C2 
hydrocarbons  are  lower  than  methane,  C3,  or  C4  hydrocarbons. 

Frolich  and  Cryder  103  arranged  experiments  to  test  the  hypothesis  of 
Fischer  for  synthesis  of  higher  alcohols.  Fischer  100  postulated  the  fol¬ 


lowing  successive  reactions: 

CH3OH  +  CO  =  CH3COOH  (49) 

CH3COOH  +  H2  =  CH3CHO  +  H20  (50) 

CH3CHO  +  H2  =  CH3CH2OH  (51) 

and  similar  reactions  with  ethanol  to  form  propanol,  etc.  For  secondary 

alcohols,  acetic  acid  was  postulated  to  decompose  to  form  acetone,  which 
was  hydrogenated  to  isopropyl  alcohol  according  to 

2CH3COOH  =  (CH3)2CO  +  C02  +  H20  (52) 

(CH3)2CO  +  H2  =  (CH3)2CHOH  (53) 


Frolich  and  Cryder  103  performed  numerous  experiments  in  which  various 
alcohols,  aldehydes,  acids,  and  ethers  together  with  hydrogen,  carbon 
monoxide,  or  water  were  passed  over  a  catalyst  in  a  high-pressure  flow¬ 
ing  system.  The  formation  of  higher  alcohols  from  methanol  and  hy¬ 
drogen  or  carbon  monoxide  showed  no  striking  differences  in  velocity  or 
product  distribution,  and  the  authors  believed  that  the  formation  ol 
higher  alcohols  was  not  primarily  dependent  on  either  hydrogen  or  car¬ 
bon  monoxide.  Water  was  found  to  inhibit  the  reaction  forming  higher 
alcohols,  and  the  presence  of  excess  carbon  monoxide  was  advantageous 
since  it  removed  the  water  by  the  water-gas  reaction.  A  mixture  ol 
methanol,  ethanol,  and  hydrogen  produced  mostly  propanol. 

The  authors  concluded  that  the  mechanism  of  Fischer  did  not  ade¬ 
quately  explain  their  data  and  proposed  a  condensation  mechanism  such 

as 

CH3OH  +  CH3OH  =  C2H5OH  +  H20  (54) 

This  type  of  reaction  would  be  independent  of  hydrogen  and  carbon 
monoxide,  except  to  the  extent  that  carbon  monoxide  accelerates  the 
reaction  by  removing  water.  Reaction  of  methanol  and  ethano  should 
yield  propanol  by  this  mechanism.  By  variations  of  this  mechanism, 
secondary  alcohols  can  be  formed.  It  should  be  noted  that  there  is  some 
ambiguity  in  the  “introduction  of  possible  intermediate  compounds 
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method  of  studying  mechanisms,  because  these  compounds  may  de¬ 
compose  to  extents  approaching  equilibrium  concentration  of  hydrogen 
and  carbon  monoxide  if  the  rate  of  decomposition  is  sufficiently  high. 
Higher  alcohols  could  possibly  be  formed  from  this  hydrogen  and  carbon 
monoxide. 

Graves  104  carefully  fractionated  the  products  of  the  commercial  syn¬ 
thesis  of  higher  alcohols  and  identified  by  preparation  of  derivatives  a 
number  of  the  higher  alcohols  as  follows: 


Primary  Alcohols 
(48.5  per  cent) 
n-Propanol 
Isobutanol 
2-Methyl- 1-butanol 
2-Methyl- 1-pen  tanol 

2.4- Dimethyl-  1-pentanol 
4-Methyl- 1  -hexanol 

2.4- Dimethyl- 1-hexanol  a 
4-  or  5-Methyl-  1-heptanol  a 


Secondary  Alcohols 
(51.5  per  cent) 
Isopropanol 
3-Methyl-2-butanoI 

2,4-Dimethyl-3-pentanol 
3-Pentanol  ° 

2-Pentanol  “ 

2- Methy  1-3-pen  tanol  ° 


“  There  is  some  uncertainty  concerning  these  identifications  because  derivatives 
of  these  compounds  had  not  been  described  in  literature. 


Tests  for  tertiary  alcohols  were  negative.  Traces  of  aldehydes,  ketones, 
and  saturated  and  unsaturated  hydrocarbons  were  found.  Not  all  the 
product  was  identified,  but  the  author  states  that  n-butanol  was  not 
found.  The  postulated  mechanisms  of  Fischer  100  and  Frolich  103  were 
considered  with  respect  to  the  products  found.  The  mechanism  of 
Fischer  for  primary  alcohols  would  result  in  only  straight-chain  alcohols 
and  thus  does  not  explain  the  observed  products.  The  mechanism  of 
Frolich  involving  the  condensation  of  primary  alcohols  together  with 
the  following  postulates  explains  the  presence  of  all  primary  alcohols 
identified  and  the  absence  of  others: 

1.  “Higher  alcohols  are  formed  by  intermolecular  dehydration  of  two 
lower  alcohol  molecules,”  such  as  reaction  54. 


2.  “Dehydration  may  involve  a  hydrogen  atom  on  the  carbon  atom 
o  methanol,  but  such  reactions  are  slow,  compared  to  one  involving 
a  hydrogen  on  a  /3-carbon  atom.” 

3  “Condensation  takes  place  with  difficulty  on  a  CH3  group  and  does 

not  take  place  on  a  CH  group.  Most  of  the  higher  alcohols  result  from  a 
condensation  on  a  CH2  group.” 

The  formation  of  secondary  alcohols  involves  the  condensation  of  n 

y  r°gen  at°m  lrom  the  carbon  at<™  holding  the  hydroxyl  group. 
104  G.  D.  Graves,  ibid.,  23,  1,381  (1931). 
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Thus,  the  reaction  oi  methanol  plus  ethanol  to  form  isopropanol  is 
represented  as 

CH3  ch3 

I  l 

CH3OH  +  HCHOH  =  CHOH  +  H20  (55) 

CH3 

A  quantitative  but  less  detailed  analysis  of  the  product  from  the 
higher  alcohol  synthesis  with  an  alkalized  zinc  oxide  catalyst  is  found  in 
captured  German  documents,  as  shown  in  Table  9. 105 

Table  9.  Composition  of  Product  from  the  Higher  Alcohol  Synthesis  “ 


Compound  or  Distillation  Cut  Per  Cent 

Dimethyl  ether  3.0 

Methanol  51.2 

Methanol-ethanol  0 . 4 

Propanol  1  •  5 

Isobutyl  alcohol  11.5 

Isoamyl  1  •  1 

Fraction,  145°-163°C  2.9 

Fraction,  I(j0°-200°C  1.0 

Fraction,  200 °-270°C  0.7 

Fraction,  above  270°C  0.2 

Isobutyrone  0  •  8 

Water  and  losses  24 . 2 


Also  very  small  amounts  of  propylene,  di-  and  tri-isobutylene,  and  propylcyclo- 
hexane. 

°  Reference  105. 


Criterion  for  Successful  Catalysts  and  Reasons  for  Loss  of 

Catalytic  Activity 

To  conclude  and  summarize  this  chapter  on  heterogeneous  catalysis 
we  shall  discuss  factors  related  to  catalytic  activity  and  to  the  decrease 
in  activity.  These  factors  vary  considerably  with  individual  reactions 
and  catalysts,  and  only  generalizations  can  be  made.  The  catalyst  must 
have  sufficient  mechanical  strength  and  stability  for  use  in  the  process; 
these  requirements  of  the  catalyst  will  vary  considerably  with  the  ty  pe 
of  reactor  in  which  the  catalyst  is  used.  For  most  reactions  a  moder¬ 
ately  large  and  reasonably  accessible  surface  is  required  and,  in  geneiah 
catalysts  with  surface  areas  considerably  smaller  than  1  sq  m  per  g  may 
not  prove  suitable.  Structural  promoters  and  supports  may  provide  and 

»  Harnisch,  I.G.  Leuna,  T.O.M.  Keel  134,  Section  V,  Item  2. 
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maintain  suitable  mechanical  strength  and  stability,  surface  area,  and 
pore  structure. 

Suitable  mechanical  properties  and  pore  geometry  are  necessary  but 
not  sufficient  requirements  for  catalysis.  Ihe  chemical  nature  of  the 
surface  determines  whether  a  reaction  occurs  at  all,  and,  it  it  does,  what 
the  course  of  the  reaction  will  be.  Catalytic  reactions  are  usually  spe¬ 
cific,  and  in  many  cases  the  products  formed  are  not  those  most  stable 
thermodynamically.  Ihe  course  of  a  reaction  depends  upon  chemical 
interactions  between  the  catalyst  and  reactants  and  probably  upon  the 
spacing  of  catalyst  atoms  as  well  as  specific  effects  of  these  atoms.  Most 
studies  indicate  that  surfaces  of  catalysts  are  heterogeneous;  that  is, 
certain  portions  of  the  surface  have  greater  intrinsic  activity  than  others 
and  may  even  catalyze  different  reactions.  This  greater  activity  has 
been  attributed  to  atoms  at  corners  and  edges  of  crystal  lattices  with 
relatively  unsaturated  valence  forces  and  to  atoms  in  incomplete  or  dis¬ 
torted  crystal  lattices,  but  some  of  the  effects  attributed  to  heterogeneity 
may  be  due  to  the  accessibility  of  different  parts  of  the  surface.  Pro¬ 
moters  and,  in  some  cases,  supports  may  inhibit  formation  of  a  stable, 
ordered  crystal  structure. 

Certain  promoters  that  have  no  apparent  effect  on  the  catalyst  struc¬ 
ture  may  change  the  course  of  the  reaction  to  a  considerable  extent  or 
greatly  increase  its  rate.  Thus,  by  selection  of  suitable  active  com¬ 
ponents  and  promoters,  desired  reactions  may  be  accelerated  and  un¬ 
desirable  ones  may  be  inhibited  or  even  prevented  entirely. 


In  most  catalytic  reactions,  there  is  little  knowledge  of  the  nature  of 
the  surface  atoms  and  the  chemically  and  physically  adsorbed  reactants 
and  products  at  the  surface.  The  surface  atoms  usually  have  consider¬ 
ably  different  thermodynamic  properties  from  those  of  the  bulk  material, 
and  in  most  cases  surface  complexes  are  difficult  to  study  experimentally. 
Whth  the  possible  exception  of  two  or  three  catalysts  the  question  “What 
is  the  active  catalytic  substance  and  its  environment?”  cannot  be 
answered  with  any  degree  of  exactness. 

Hie  hie  of  catalysts  vanes  considerably,  depending  upon  the  nature 
ol  the  catalyst  and  reaction  in  which  it  is  employed.  The  causes  of 
catalyst  lailure  may  be  divided  into  three  groups:  (1)  failure  of  mechani¬ 
cal  properties,  (2)  poisoning,  and  (3)  sintering.  Mechanical  failure  may 
result  from  attrition,  crumbling  of  the  catalyst  particles  due  to  changes 
in  crystal  structure,  or  deposition  of  material  within  the  catalyst,  causing 
.upt  re  or  swelling  of  the  particles.  This  may  result  in  plugging  of 

suspe'^dTsT8  °r  Tked  ChangeS  in  of  catalysts 

.  spendcd  in  streams  of  gases  or  liquids.  Another  type  of  mechanical 

la, lure  is  the  removal  of  catalytic  materials  by  volatilisation  or  solution! 
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w  hich  results  in  either  loss  of  activity  or  change  in  the  course  of  the  re¬ 
action.  The  method  of  preparation  and  the  selection  of  suitable  active 
components,  promoters,  and  supports  can  retard  or  prevent  processes 
leading  to  mechanical  failure.  The  rate  of  reactions  causing  catalyst 
disintegration  usually  increases  with  temperature;  therefore  overheating 
by  ineffective  heat  transfer  or  improper  operating  conditions  may  cause 
mechanical  failure  and  loss  of  activity. 

Loss  of  catalytic  activity  may  result  from  poisoning  by  traces  of  im¬ 
purities  in  the  reactants  or  by  products  formed  in  the  reaction.  The 
poisons  may  be  adsorbed  tenaciously  on  the  active  portions  of  the 
catalyst  or  may  merely  accumulate  at  the  surface,  causing  portions  of 
the  catalyst  to  become  inaccessible.  Some  poisons  may  be  easily  re¬ 
moved  by  solvent  treatment,  hydrogenation,  or  oxidation  so  that  the 
catalyst  is  restored  to  nearly  its  initial  activity.  Other  poisons  cannot 
be  removed  by  methods  that  do  not  in  themselves  destroy  the  catalytic 
activity.  Sometimes  it  is  possible  to  make  the  catalyst  more  resistant 
to  poisoning  by  adding  promoters  or  by  varying  the  pore  structure. 

Sintering  is  an  irreversible  process  involving  the  formation  of  more 
stable  crystal  structures  or  lower  surface  areas,  and  in  sintering  it  is 
probable  that  the  activity  per  unit  surface  area  as  well  as  the  magnitude 
of  the  surface  decreases.  In  some  cases  the  presence  of  structural  pro¬ 
moters  decreases  sintering  to  a  negligible  rate.  The  rate  of  sintering 
increases  rapidly  with  temperature;  hence,  overheating  or  operation  of 
the  catalyst  at  too  high  a  temperature  may  cause  inactivation. 

In  the  past  thirty  years,  the  knowledge  of  catalysis  has  increased 
greatly,  chiefly  through  the  development  and  judicious  use  of  techniques 
for  determining  the  chemical  and  physical  nature  ol  catalysts  such  as 
described  in  this  chapter.  We  may  ask  about  the  extent  to  which  the 
activity,  selectivity,  and  durability  ol  catalysts  may  be  predicted  horn 
these  properties  of  catalysts.  In  most  cases  the  answer  is  that  actual 
testing  is  the  only  reliable  method  of  assaying  catalysts  for  activity, 
selectivity,  and  life.  These  quantities  are  usually  very  complicated 
functions  of  the  chemical  (chemical  composition  including  traces  of  im¬ 
purities,  phases  present,  lattice  spacings,  etc)  and  physical  (extent  and 
accessibility  of  surface,  size  of  crystallites,  etc)  nature  ol  the  catalyst 
In  general,  for  a  series  of  catalysts  that  differ  widely  in  composition  and 
method  of  preparation,  the  number  of  variables  affecting  performance  is 
too  great  to  permit  a  simple  correlation  with  any  one  of  the  proper  ies 
such  as  surface  area  or  the  amount  of  a  given  phase.  For  catalysis  of 
similar  composition  and  method  of  preparation,  a  correlation  of  catalyst 
performance  with  properties  of  the  catalyst  may  show  a  strong  <(- 
pendence  of  performance  on  one  or  more  of  the  properties.  After  such  a 
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relationship  has  been  established,  the  activity  or  selectivity  may  be 
estimated  with  some  degree  of  certainty  from  one  or  more  of  the  prop¬ 
erties.  Most  catalytic  systems  are  of  such  complexity  that  the  only 
rational  approach  to  catalyst  development  requires  consideration  of  all 
available  information  on  the  chemical  and  physical  nature  of  the  cata¬ 
lyst  with  respect  to  its  performance  in  the  catalytic  reaction. 

Studies  of  the  kinetics  of  catalytic  reactions  are  of  great  importance 
since  they  provide :  (a)  data  required  for  design  of  reactors  and  auxiliary 
equipment,  and  (6)  information  as  to  the  mechanism  of  the  catalytic  re¬ 
action.  For  rational  design  of  reactors,  the  necessity  for  precise  data  on 
the  dependency  of  rate  and  selectivity  on  operating  variables,  such  as 
total  pressure,  partial  pressures  of  reactants  and  products,  space  ve¬ 
locity,  and  temperature,  is  generally  accepted.  From  kinetic  studies 
valuable  information  about  the  mechanism  of  the  catalytic  reaction  may 
be  obtained.  Determining  the  mechanism  of  catalytic  reactions  is  a 
difficult  task,  even  in  very  simple  reactions,  and  it  requires  considera¬ 
tion  of  all  available  data  on  the  kinetics  and  selectivity  of  the  process  as 
well  as  information  about  the  chemical  and  physical  properties  of  the 
catalysts.  Once  the  reaction  mechanism  is  established,  catalyst  and 
process  development  can  proceed  in  a  rational  rather  than  an  empirical 
or  semi-empirical  manner. 


Development  of  Fischer-Tropsch  Catalysts 
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In  the  Fischer-Tropsch  synthesis,  carbon  monoxide  is  hydrogenated 
in  the  presence  of  a  catalyst  of  which  the  chief  constituent  is  nickel,  co¬ 
balt,  iron,  or  ruthenium.  The  optimum  temperature  ranges  are  170°- 
205°C  for  nickel  and  cobalt,  200°-325°C  for  iron,  and  160°-225°C  for 
ruthenium.  Nickel  catalysts  are  best  operated  at  atmospheric  pressure, 
cobalt  and  iron  up  to  about  20  atm,  and  ruthenium  at  100  atm.  The 
products  obtained  from  the  synthesis  consist  chiefly  of  straight-chain 
paraffin  hydrocarbons.  Secondary  products  include  branched-chain  hy¬ 
drocarbons,  aliphatic  alcohols,  aldehydes,  and  acids.  The  distribution  of 
these  products  varies  considerably  and  is  dependent  upon  the  catalyst 
and  the  synthesis  conditions,  as  will  be  shown  in  this  and  the  next 
chapter.  This  chapter  is  concerned  with  the  development  of  Fischer- 
Tropsch  catalysts,  and  Chapter  4  with  the  Fischer-Tropsch  process  de¬ 
velopment. 

Discovery  of  Synthesis 


In  1902,  Sabatier  and  Senderens  1>2  observed  that  reduced  nickel  cata¬ 
lyzed  the  synthesis  of  methane  from  hydrogen-carbon  monoxide  (3H2  + 
ICO)  or  hydrogen-carbon  dioxide  (4H2  4~  1C02)  mixtures  at  a  tempeia- 
ture  between  200°  and  300°C.  At  temperatures  of  270°-300°C  methane 
was  produced  over  a  reduced  cobalt  catalyst.  The  Badische  Anilin  und 
Soda  Fabrik3  reported  in  1913  that  hydrogen  and  carbon  monoxide 
reacted  at  100-200  atm  pressure  and  temperatures  of  300°-400°C  in  the 
presence  of  alkali-activated  cobalt  and  osmium  oxides  supported  on 
asbestos  to  form  a  liquid  product  containing  alcohols,  aldehydes,  ketones, 
fatty  acids,  and  some  saturated  and  unsaturated  aliphatic  hydrocarbons. 


iP.  Sabatier,  Die  Katalyse,  Leipzig,  1927  pp  114,  144;  P.  Sabaher  and  J.  B. 
Senderens,  Compt.  rend.,  134,  514-6  (1902);  J.  Soc.  Chern.  /ad.  21  504  (1902b 
2  P.  Sabatier  and  E.  E.  Reid,  Catalysis  in  Organic  Chemistry,  D.  \  an  Nostrand  C  , 


1927,  pp  179-80. 

3  Badische  Anilin  u.  Soda  Fabrik,  German 
295,203  (1914). 


Patents  293,787  (1913);  295,202  (1914), 
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This  work  led  eventually  to  the  development  of  the  methanol  synthesis 
by  the  same  company. 

After  several  years  of  experimental  work  in  the  Fuel  Research  Labo¬ 
ratories  of  the  Kaiser  Wilhelm  Institut  fur  Kohlenforschung,  Mulheim- 
Ruhr,  Germany,  Franz  Fischer  and  Hans  Tropsc.h  4  in  1923  disclosed 
that  alkalized  iron  turnings  catalyzed  the  production  of  an  oily  liquid 
from  hydrogen  and  carbon  monoxide  when  the  reaction  was  carried  out 
in  a  tubular,  electrically  heated  high-pressure  reactor  at  100-150  atm 
and  400° -4 50° C.  This  product,  which  was  called  “synthol,”  contained 
chiefly  oxygenated  compounds,  such  as  alcohols,  acids,  aldehydes,  ke¬ 
tones,  and  esters,  and  a  very  small  quantity  of  hydrocarbons.  Since  the 
objective  of  German  research  at  this  time  was  the  production  of  sub¬ 
stitutes  for  natural  gasoline  and  motor  fuel,  the  investigation  was 
directed  towards  increasing  the  hydrocarbon  and  decreasing  the  oxy¬ 
genated  fractions.  Fischer  and  Tropsch  found  that  the  synthol  catalyst 
at  lower  pressures  of  about  7  atm  produced  a  mixture  consisting  chiefly 
of  oleflnic  and  paraffinic  hydrocarbons  and  containing  only  a  small 
fraction  of  oxygenated  organic  compounds.  They  observed  also  that 
methanization  catalysts  produced  not  only  methane  but  its  homologs 
at  atmospheric  pressure  and  low  temperatures.  However,  at  low  pres¬ 
sures  and  temperatures,  the  activity  decreased  sharply  and  the  yield  of 
oil  was  very  small.  Consequently,  more  active  catalysts  were  sought. 


Early  Catalysts  Tests,  1925-1930 

The  first  catalysts  tested  by  Fischer  were  prepared  by  mixing  the 
metal  oxides  or  by  decomposing  mixtures  of  the  dissolved  or  melted 
metal  nitrates.  The  latter  procedure  appeared  to  be  somewhat  more 
efficient.  The  oxides  were  then  reduced  with  pure  hydrogen  at  about 
350°C.  At  first,  the  oxides  were  used  in  the  form  of  fine  powders,  which 
were  difficult  to  handle.  For  this  reason,  the  oxide  mixture  was  some¬ 
times  pressed  into  a  cake  and  broken  into  granules,  sometimes  com- 
piessed  undei  pressure  with  a  binder  such  as  starch,  and  sometimes  de¬ 
posited  on  a  carrier  such  as  ceramic  pieces,  asbestos,  clay  chips,  pumice 
stone,  or  activated  charcoal.  It  was  thought  that  the  carrier  might  also 
help  to  preserve  the  surface  of  the  catalyst.  However,  this  was  not  so 
lor  iron  deposited  on  asbestos,  for  example. 

The  experiments  of  Fischer  were  carried  out  at  atmospheric  pressure 
in  combust  ion  tubes  made  of  hard  glass  placed  in  a  gas-heated,  horizontal 

6,  2^7-2?' U024)‘d  H‘  Tr°PSCh’  Brennst0#-Chem->  4-  276-85  (1923);  5,  201-8  (1924); 
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aluminum-block  furnace  (Figure  l).5,6  The  oven  consisted  of  a  thick- 
walled  cylindrical  aluminum  block  of  80-mm  O.D.,  24-mm  I.D.,  and 
500-mm  length.  An  opening  8  mm  in  diameter  through  the  entire  length 
of  the  block  provided  space  for  the  temperature-measuring  device.  The 
block  was  completely  insulated  by  diatomite  stone.  The  furnace  was 
heated  by  a  series  of  burners  and  the  temperature  was  kept  automatically 
constant  at  ±1°C  by  a  gas  throttling  device  which  was  independent  of 
variations  in  atmospheric  pressure  and  room  temperature.  Narrow  glass 
catalyst  tubes,  4-5  mm  I.D.,  were  used,  so  that  four  catalysts  could  be 


Figure  3-1.  Early  laboratory  apparatus  in  Kaiser  Wilhelm  Institut.  Reproduced 

from  reference  5. 


tested  simultaneously  in  the  furnace.  Some  tests  were  also  made  in 
catalyst  tubes  other  than  glass,  such  as  iron,  copper,  and  aluminum. 

The  mixture  of  carbon  monoxide  and  hydrogen  originating  from  a 
central  laboratory  circuit  was  passed  through  a  wash  bottle  which  was 
filled  with  water  and  which  served  as  a  bubble  counter  to  regulate  the 
flow  of  synthesis  gas,  then  through  a  charcoal  scrubber,  and  an  in-gas 
flow  meter.  A  three-way  stopcock  in  front  of  the  entrance  to  the  cata¬ 
lyst  tube  permitted  the  gas  to  pass  through  the  reactor  or  through  a  by¬ 
pass.  By  measuring  the  gas  issuing  from  the  catalyst  tube  and  then  t  e 
gas  from  the  by-pass,  the  contraction  in  gas  volume  could  be  ca dilated 
On  the  exit  side  of  the  catalyst  tube,  a  trap  collected  product  liquid  at 
room  temperature  and  a  second  three-way  stopcock  combined  the  two 
gas  streams.  The  exit  gas  was  measured  by  passage  through  a  gasometer 
and  then  was  led  into  a  gas  burette. 

»  F  Fischer  and  II.  Tropsch,  Ges .  Abhandl.  Kenntnis  Kohle,  10,  333-501  (1930). 

•  F.  Fischer,  Brennslog^hem.,  11,  489-500  (1930);  Ges.  Abhandl.  Kenntnu;  hohle, 

10,  501-34  (1930). 
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At  first,  the  composition  of  the  product  gases  was  determined  by  a  ga.^ 
analysis  procedure  in  which  the  hydrocarbon  mixture  was  burned  with 
oxygen  and  the  average  molecular  weight  of  the  hydrocarbons  estimated. 
More  precise  results  were  later  obtained  by  a  low-temperature  distilla¬ 
tion,  in  which  the  product  gas  was  scrubbed  free  from  carbon  dioxide 
and  moisture  in  soda-lime  and  calcium  chloride  traps  and  then  led  into 
an  evacuated  receiver  cooled  by  liquid  air.  Carbon  dioxide  content  was 
determined  on  another  sample.  Non-condensable  gas  was  collected  in 
a  gasholder.  The  condensate  was  distilled  in  vacuo.  Methane  and  other 
product  gases  thus  obtained  were  added  to  the  non-condensable  gas  in 
the  gasholder;  the  whole  quantity  was  measured  and  analyzed.  The 
distillate  was  condensed  in  a  second  liquid-air-cooled  receiver  from  which 
gasol  (C2,  C3,  and  C4  hydrocarbons)  was  removed  by  distillation  at 
—  90°  C  and  analyzed.  The  saturated  and  unsaturated  gaseous  hydro¬ 
carbons  were  determined  together  by  combustion  with  oxygen  over 
platinized  asbestos.  The  gasoline  fraction  (C5  +  )  was  vaporized,  mixed 
with  nitrogen,  and  determined  in  the  gas  analysis  apparatus;  sometimes 
it  was  condensed  in  a  small  U-tube  provided  with  two  stopcocks  and 
weighed. 

In  1928,  this  condensation  analysis  procedure  was  replaced  by  direct 
determination  of  low-boiling  hydrocarbons.  The  product  gases  were 
adsorbed  on  activated  charcoal,  from  which  the  hydrocarbon  products 
weie  stripped  by  heating  and  were  condensed  in  an  evacuated,  liquid- 
air-cooled  receiver.  1  he  receiver  was  then  brought  to  room  temperature 
and  the  volume  or  weight  of  gasoline  measured  directly. 

The  first  catalyst  that  produced  higher  hydrocarbons  in  a  systematic 
laboiatory  investigation  at  atmospheric  pressure  was  reported  by 
Fischer  '•*  in  1925.  This  catalyst  was  prepared  by  reduction  at  400°C 
of  a  mixture  of  equal  parts  by  weight  of  commercial  iron  oxide  (obtained 
bom  the  oxalate)  and  zinc  oxide.  The  product  gas  obtained  when  0.3  1 
per  hour  of  3H2  +  ICO  gas  mixture  was  passed  at  370°C  over  a  layer  of 
tins  catalyst  30  cm  long  contained  10  per  cent  by  volume  of  hydrocarbons 
whose  average  carbon  number  was  1.2.  Later  tests  were  made  with  this 
catalyst  at  270°C.  Somewhat  more  active  was  a  mixture  of  cobalt  and 
Chromic  oxides  which  at  270»C  produced  not  only  gaseous  homologs  of 
methane  but  also  liquids  and  solids.  When  water  gas  was  recycled  over 
a  catalyst  obtained  by  reduction  of  a  mixture  of  iron  and  cobalt  oxides 
.vie  i  s  up  to  100  g  of  easily  liquefiable  (gasol),  liquid,  and  solid  hydro- 

484'337  ^  t. 

'  F.  Fischer,  Proc.  Intern.  Conf.  Bituminous  Cool.  Is,  Conf.,  234-46  (1920). 
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carbons  were  produced,  per  cu  m  of  water  gas.  Secondary  products  were 
water  and  carbon  dioxide. 

In  1926,  Fischer  ;>  reported  the  results  of  exploratory  studies  at  at¬ 
mospheric  pressure  with  metals  of  the  eighth  periodic  group — the 
methanization  catalysts.  Finely  divided  iron,  obtained  by  the  hydrogen 
reduction  of  commercial  iron  oxide  at  350° -500°  C  and  retaining  some 
residual  oxide,  produced  a  very  small  yield  of  gaseous  higher  hydro¬ 
carbons  from  a  mixture  of  2H2  +  ICO  gas  at  temperatures  between 
305°  and  340°C.  The  chief  secondary  product  was  C02.  When  water 
gas  was  passed  at  270°C  over  pure  iron  oxide  prepared  by  decomposition 
of  the  nitrate,  a  contraction  in  gas  volume  of  about  20  per  cent  was  ob¬ 
served.  Analysis  of  the  products  at  the  end  of  50  hr  gave  the  following 
composition,  in  grams  per  cubic  meter  of  water  gas  at  standard  condi¬ 
tions:  1.9  methane,  37.3  C1-C4  hydrocarbons,  and  11.6  C5+.  Iron 
combined  with  cobalt  in  the  ratio  of  1:1  produced  a  contraction  in  the 
volume  of  water  gas  of  50  per  cent  at  260°  C  and  gaseous  hydrocarbons 
whose  average  carbon  number  was  1.6.  Iron-nickel  in  the  atomic  ratio 
of  1:1  and  iron-cobalt-nickel  in  the  ratio  of  2:1:1  produced  virtually  no 
liquid  hydrocarbons. 

Finely  divided  cobalt  was  more  effective  than  iron,  in  that  it  produced 
liquid  hydrocarbon  yields  at  a  temperature  20  lower.  A  catalyst  pie- 
pared  by  reducing  pure  cobalt  oxide  (from  the  nitrate)  with  watei  gas 
at  240°  C  and  tested  at  250°  C  produced  after  90  hr  a  product  of  the  fol¬ 
lowing  composition,  in  grams  per  cubic  meter  of  water  gas:  30.5  methane, 
47.6  C!-C4  hydrocarbons,  10.5  C5  and  higher  hydrocarbons,  and  21 
water.  Nickel  in  a  finely  divided  state  showed  virtually  no  acth  ity  as 


a  catalyst  for  the  synthesis  of  higher  hydrocarbons. 

Fischer  soon  recognized  that  reduction  with  hydrogen  at  tempeiatuies 
higher  than  350°C  caused  extensive  decrease  in  catalyst  surface,  as  a  re¬ 
sult  of  sintering,  and  produced  catalysts  of  low  activity,  lests  were 
made  with  iron,  cobalt,  and  nickel  combined  with  difficulty  reducible 
oxides,  in  the  hope  that  sintering  of  the  active  metal  constituent  would 
be  retarded.6  The  idea  for  using  such  combinations  was  based  on  the 
results  observed  with  the  first  active  catalyst,  iron-zinc  oxide.  How¬ 
ever,  catalysts  prepared  by  ignition  of  mixtures  of  the  nitrates  of  iron 
and  aluminum,  lead,  bismuth,  or  chromium  showed  very  slight  01  no 
activity  for  the  synthesis  of  liquid  hydrocarbons.  U.  S.  Bureau  of  It  . 
workere  Smith,  Davis,  and  Reynolds  6  in  1928  tested  a  synthetic-am¬ 
monia  catalyst,  which  had  been  prepared  by  the  rodue  Hon ot  used  g 
netite  promoted  with  potassium  and  aluminum  oxides.  Wlth  f  cc  ° 
this  catalyst  in  an  experiment  at  300°C  and  atmospheric  press.., e, 

.  D.  F.  Smith,  J.  D.  Davis,  and  D.  A.  Reynolds,  lnd.  En„.  Chen,.,  20,  402-4  (11)28). 
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condensate  was  obtained,  nor  was  any  odor  of  higher  hydrocarbons 
detected.  Exit  gas  contained  about  0.5  per  cent  each  of  carbon  dioxide 
and  methane.  A  small  amount  of  slightly  acid,  watery  condensate  was 
present.  The  tests  were  made  in  the  apparatus  shown  in  Figure  2. 9  Syn¬ 
thesis  gas  was  made  by  passing  steam  at  a  uniform  rate  into  activated 
charcoal  in  a  silica  tube  heated  to  about  950°C  and  was  purified  by  pas¬ 
sage  through  soda  lime  and  activated  charcoal  scrubbers.  The  gas 
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Figure  3- 


Liquid  air 

2.  First  U.  S.  Bureau  of  Mines  laboratory  apparatus  for  Fischer-Tropsch 
synthesis.  Reproduced  from  reference  9. 


mixture,  consisting  ol  equal  volumes  of  pure  carbon  monoxide  and  hy¬ 
drogen,  was  metered,  dried,  and  passed  into  the  catalyst  tube.  The  exit 
gases  were  led  into  a  receiver  cooled  in  liquid  air  and  provided  at  the 
bottom  with  a  tip  of  small  bore,  and  then  through  another  gas  meter. 
At  the  conclusion  of  an  experiment,  the  receiver  was  allowed  to  warm 
up  to  room  temperature,  the  escaping  gas  was  collected  for  analysis,  and 
the  liquid  products  were  collected  in  the  tip.  The  volumes  of  water  and 
of  oily  products  were  determined  by  measurement  with  a  small  cathe- 
tometer  ol  the  height  of  the  column  of  liquid  in  the  tip  (t  Figure  2) 
,h  had  been  previously  calibrated.  Gas  analyses  of  the  incoming 
and  exit  gases  were  made  at  intervals.  Temperatures  were  measured 
by  means  ol  a  thermocouple  attached  to  the  outside  wall  of  the  catalyst 
tube  at  about  the  middle.  The  recorded  temperatures  represented  the 
maximum  temperatures  at  the  exterior  of  the  tube;  the  temperature  at 
the  ends  of  the  iurnace  was  somewhat  lower. 
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In  a  modified  catalyst-testing  apparatus  (Figure  3)  10  a  fused-salt 
bath  thermostatically  controlled  and  heated  electrically,  to  provide 
sensitive  temperature  control  in  the  catalyst  tube,  was  used.  The  test¬ 
ing  apparatus  to  the  right  of  (e)  (except  for  the  meters  and  gasholder) 
was  made  entirely  of  glass.  Purified  water  gas  was  passed  over  the  cata¬ 
lyst  contained  in  the  glass  spiral  .(h),  which  was  of  small  diameter  in 
order  to  avoid  overheating  and  was  fitted  with  a  loop  (not  shown  in  the 
figure)  to  preheat  the  entering  gas  to  the  temperature  of  the  thermostat 

b,c,d,f -  Water  gas  purification  h- Catalyst  tube 

e,m,r  -Gas  meters  k- Product  receiver  (liquid-air  cooled) 

i,g  -Condensers  n- Sampling  outlet 


Figure  3-3.  Early  modified  U.  S.  Bureau  of  Mines  laboratory  apparatus  for  Fischer- 
Tropsch  synthesis.  Reproduced  from  reference  10. 


bath  surrounding  the  catalyst  tube.  All  products  heavier  than  methane 
were  collected  in  the  receiver  (k),  cooled  in  liquid  air.  Also  present  at 
the  conclusion  of  an  experiment  were  occluded  methane,  carbon  monox¬ 
ide,  and  hydrogen;  carbon  dioxide;  and  water.  Quantitative  handling 
of  these  products  was  accomplished  as  follows:  Condenser  (t)  was 
warmed  to  0°C,  the  gaseous  products  passing  through  a  fractionating 
condenser  (q)  cooled  in  carbon  dioxide  snow,  which  retained  all  hydro¬ 
carbons  heavier  than  ethane  and  ethylene.  The  residual  gas,  freed  from 
carbon  dioxide  by  passage  through  a  weighed  potassium  hydroxide  so  u- 
tion,  was  measured  (gas  meter,  r),  and  collected  in  the  small  gasholdei 
(*)  The  hydrocarbons  in  (?)  were  distilled  back  into  (.),  which  had 
again  been  cooled  with  liquid  air,  and  were  fractionally  distilled  by 

gradual  warming  up  of  the  condenser. 

Cobalt-vanadium  oxide  and  cobalt-manganese  ox.de  were  octree 
catalysts.5  In  combination  with  rare  earths,  uranium  oxide,  and  mag- 
nfsfm  oxide,  cobalt  was  only  slightly  active.  Cobalt-chromium  ox.de 

io  D.  F.  Smith,  C.  O.  Hawk,  and  D.  A.  Reynolds,  ibid.,  20,  1,341-8  (1928). 
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and  cobalt-zinc  oxide  in  ratios  varying  between  1 : 1  and  3 : 1  produced 
somewhat  better  yields  of  liquid  hydrocarbons  and  water.  Cobalt 
chromate,  precipitated  from  a  solution  of  cobaltous  chloride  with  an 
excess  of  sodium  chromate  and  reduced  with  hydrogen  at  300°-350  C, 
was  completely  inactive  when  tested  at  atmospheric  pressure.9  Nickel 
combined  with  beryllium  oxide  produced  a  minute  quantity  of  oil  at  a 
low  temperature  of  160°C.5  However,  all  attempts  before  1931  to  ob¬ 
tain  an  active  catalyst  containing  nickel  were  unsuccessful. 

Because  addition  of  difficultly  reducible  oxides  and  deposition  of  the 
catalyst  oxides  on  certain  carriers  did  not  result  in  improved  hydro¬ 
carbon  productivity,  the  effect  of  copper  oxide  was  studied.5  Copper 
has  a  high  heat  conductivity  and  yet  does  not  induce  methane  produc¬ 
tion.  It  was  thought  that  the  presence  of  copper  would  lower  the  tem¬ 
perature  required  for  reduction  of  the  catalyst  oxides.  Copper  somewhat 
enhanced  the  activity  of  iron  and  cobalt,  but  not  nickel.  This  was  ex¬ 
plained  by  Fischer  on  the  basis  of  the  tendency  of  nickel  to  form  alloys 
with  copper.  Iron-copper  catalysts  are  discussed  in  detail  subsequently 
in  this  chapter  (p  241).  Cobalt-copper  powder  catalysts,  containing  the 
metals  in  the  ratios  9:1  and  1:1,  were  tested  at  atmospheric  pressure 
by  Fischer.5  The  catalysts  were  prepared  by  decomposition  of  mixtures 
of  the  nitrates  and  were  taken  directly  into  synthesis  at  220° C  with 
water  gas,  without  reduction  by  hydrogen.  The  cobalt-rich  catalyst 
produced  initially  much  methane  and  had  a  longer  life.  Cobalt-copper 
(9:1)  deposited  on  Stuttgart  carrier  behaved  much  like  the  corresponding- 
powdered  catalyst;  however,  it  lost  activity  more  quickly  because  of 
smaller  amount  of  catalyst  material.  Cobalt-copper  (1:1)  catalyst, 
piecipitated  by  potassium  hydroxide  from  a  solution  containing  co¬ 
baltous  chloride  and  cupric  acetate  and  reduced  with  hydrogen  at  300°- 
350  C,  produced  traces  ol  oil  on  the  watery  condensate.9  Cobalt- 
copper  catalysts  produced  little  oil;  the  oils  obtained  were  always  water- 
clear  and  colorless,  in  contrast  to  the  oils  from  iron-copper  catalysts 
which  were  yellow.  Cobalt  catalysts  produced  more  paraffin  than  iron 
catalysts,  and  water  rather  than  carbon  dioxide.  A  highly  saturated 

T  ,<^'ined  fr°m  a  coba|t-«>pper  catalyst  tested  at  190°C 

,  4H2  +  ICO  gas  mixture.11  The  reaction  water  contained  alde¬ 
hydes  and  ketones,  of  which  the  chief  component  was  acetone  Oil- 
soiuble  oxygenated  compounds  represented  0  per  cent  of  the  hydro- 

ca*ryWdng  m  gaS°line  range  ant‘  2  PCT  Cent  of  the  tutal  hydro- 

The  effect  of  the  addition  of  difficultly  reduced  metal  oxides  to  act  as 

11  K  Fischer  and  H.  Tropsch,  Brennstoff-Chem.,  9,  21-4  119281-  H  T  •  v 
H.  Koch,  ibid.,  10,  337-46  (1929).  ^ropsch  and 
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supports  for  the  copper-containing  catalysts  was  studied.  Equally  poor 
results  were  obtained  with  the  oxides  of  beryllium,  magnesium,  zinc, 
cadmium,  aluminum,  tin,  lead,  chromium,  and  molybdic  acid  incor¬ 
porated  into  the  iron-copper  catalyst.5  Indeed,  aluminum  hydroxide 
appeared  to  deactivate  the  iron-copper  catalyst.  Fischer  attributed 
this  effect  to  the  amphoteric  character  of  aluminum  hydroxide,  which 
had  an  acidic  effect  under  these  conditions. 

Cobalt-copper-magnesium  oxide  produced  very  little  oil.  Cobalt- 
copper  (9:1)  to  which  was  added  10  per  cent  zinc  oxide  produced  up  to 
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Figure  3-4.  Early  British  catalyst-testing  laboratory  apparatus.  Constructed 

from  similar  figure  in  reference  13a. 

30  g  of  liquid  hydrocarbons,  per  cu  m  of  water  gas,  at  270°C.  Erdely 
and  Nash  12  reported  very  low  yields  ot  C5+  hydrocarbons  from  cobalt- 
copper  catalysts  containing  alumina,  cerium  oxide,  and  zinc  oxide. 
The  catalysts  were  tested  in  hard  glass  tubes  placed  horizontally  in  an 
electrically  controlled  furnace.  The  arrangement  ol  the  apparatus  is 
shown  in  Figure  4. 13  After  the  catalysts  were  reduced  in  the  electric 
furnace  by  the  passage  of  hydrogen  at  a  throughput  ot  10  1  per  hr  (space 
velocity  about  200)  while  the  temperature  was  raised  to  360  C  oyer  a 
period  of  3-4  days,  synthesis  was  started  at  285° C  and  atmospheric 
pressure  of  1H2  +  ICO  gas  at  an  hourly  space  velocity  of  100  (volumes 

of  gas  per  volume  of  catalyst  per  hour). 

Smith,  Davis,  and  Reynolds  »  reported  that  cobalt-copper-chromium 
oxide  showed  some  activity.  This  preparation  was  precipitated  with 
sodium  hydroxide  from  a  solution  containing  cobaltous  nitrate,  chiom 

.»  A.  Erdely  and  A.  tV.  Nash,  J.  Sec.  Chem.  led.  (London)  il,  219T-23T 
UO.  C.  Elvins  and  A.  W.  Nash,  Fuel,  5,  263-5  (1926)1 Nature,  118,  154  (1.120), 
A.  W.  Nash,  J.  Soc.  Chem.  Ind.  (London),  45,  8/6  78  (192b). 
no  O.  C.  Elvins,  ibid.,  46,  473-8  (1927). 
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chloride,  and  cupric  sulfate  and  was  reduced  with  hydrogen  at  300° 
350° C.  In  the  activity  test,  the  exit  gas  had  a  strong  odor  of  hydro¬ 
carbons  and  a  film  of  oil  collected  on  the  surface  of  the  watery  con¬ 
densate.  Similar  results  were  obtained  from  cobalt-coppei -uranium 
oxide,  precipitated  by  potassium  hydroxide  from  a  solution  containing 
cobaltous  nitrate  and  cupric  sulfate.  To  the  moist  cobalt-copper  hy¬ 
droxides  filter  cake  was  added  finely  divided  uranium  oxide  prepared  by 
decomposing  uranium  acetate,  -2H20.  In  the  test  with 

this  catalyst,  which  was  reduced  with  hydrogen  at  300°-350°C,  a  sub¬ 
stance  resembling  white  petrolatum  was  produced  in  the  connecting 
tubes. 

Kodama  14  reported  that  the  activity  of  cobalt-copper  catalysts  was 
enhanced  by  the  promoters  thoria  and  magnesia.  Fischer  6  also  reported 
the  incorporation  of  thorium  in  the  cobalt-copper  catalyst;  the  ratio  of 
constituents  was  cobalt : copper : thorium  =  9:1:2.  This  catalyst  was 
prepared  by  decomposition  of  a  mixture  of  the  nitrates  and  taken  im¬ 
mediately  into  synthesis  without  preliminary  reduction  with  hydrogen 
at  high  temperature.  The  highest  yield  obtained  with  this  catalyst  at  a 
flow  of  4  1  of  2H 2  +  ICO  gas  passed  over  5  g  of  oxides  per  hr  was  about 
70  g  of  liquid  hydrocarbons  (C5  +  )  per  cu  m  of  synthesis  gas.  The  ap¬ 
proximate  composition  of  the  hydrocarbon  product  obtained  in  a  double 
pass  of  2H2  -f-  ICO  gas  at  a  low  space  velocity  is  shown  in  Table  1. 
About  63  per  cent  of  the  gasoline  hydrocarbons  was  in  the  boiling  range 
below  100°C. 

I  able  1.  Composition  of  Hydrocarbons  Produced  over  Cobalt  Catalyst  at 
Atmospheric  Pressure  of  2H2  4-  ICO  Gas 


(Low  space  velocity;  double  pass  of  synthesis  gas.) 


Constituent 


Per  Cent 
(by  weight) 


Methane 

Ethane 


27.4 
6.6 

10.2 
37 . 6 

17.5 
1.6 


*  C3  +  C4  (gasol) 
Gasoline  (Kogasin  I) 
Diesel  oil  (Kogasin  II) 
Paraffin 
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The  mixture  was  filtered  and  then  carefully  dried  to  150°C.  It  was  re¬ 
duced  in  pure  hydrogen  in  the  catalyst-testing  reactor  at  a  temperature 
below  400° C  until  no  more  water  was  produced.  Passage  of  1H2  +  ICO 
gas  over  the  catalyst  at  a  temperature  of  285°  C,  a  space  velocity  of  about 
45  (volumes  ot  gas  per  volume  of  catalyst  per  hour),  and  atmospheric 
pressure  produced  small  quantities  of  not  only  saturated  hydrocarbons 
but  also  olefins  and  oxygenated  compounds.  Subsequently,  prepara¬ 
tion  of  the  catalysts  by  decomposition  was  reported  to  be  preferable  to 
precipitation.  The  following  procedure  was  described  for  a  catalyst  of 
composition  4Co203:2CuO:3Mn02,  parts  by  weight.  Cobalt  nitrate 
(211  g),  copper  nitrate  (90  g),  and  manganese  nitrate  (102  g)  were  melted 
in  their  water  of  crystallization  and  dried  in  an  oven,  with  stirring,  at 
1 10°C,  after  which  the  oven  temperature  was  raised  to  150°C  and  was  so 
maintained  until  oxides  of  nitrogen  were  no  longer  evolved.  The  product 
(66  cc)  broken  in  the  form  of  5-10  mesh  granules  was  charged  into  the 
reactor  tube.  Further  decomposition  of  residual  nitrates  was  carried 
out  by  heating  the  tube  to  300° C  in  a  nitrogen  atmosphere  until  the 
escaping  gas  did  not  redden  litmus  paper.  Reduction  of  the  catalyst 
took  place  in  hydrogen  at  temperatures  below  410°C.  Synthesis  at 
atmospheric  pressure  of  1H2  +  ICO,  286°C,  and  an  hourly  spare  ve¬ 
locity  of  100  produced  about  10  g  of  liquid  and  solid  hydrocarbons  per 
cu  m  of  feed  gas. 

Cobalt-copper  (4:  l)-manganese  oxide,  precipitated  with  sodium  hy¬ 
droxide  from  a  solution  containing  cobaltous  and  cupric  nitrates  and 
manganous  chloride  and  reduced  with  hydrogen  at  300°-350°C,  was 
tested  by  Smith  and  coworkers.9  The  maximum  yield  of  C5+  hydro¬ 
carbons  obtained  at  atmospheric  pressure  at  a  space  velocity  of  160  was 
66  g  per  cu  m  of  water  gas,  at  a  synthesis  temperature  of  275°C.  Very 


heavy  products,  ie,  high-melting  waxes,  appear  not  to  have  been  present. 
In  further  tests  10  in  a  modified  apparatus,  the  same  catalyst  was  used 
at  a  lower  synthesis  temperature.  It  was  compressed  into  pellets  8  mm 
in  length  and  2  mm  in  diameter  and  was  carefully  reduced  in  the  con¬ 
verter,  first  at  150°C  with  hydrogen  diluted  with  9  times  its  volume  of 
nitrogen,  and  then  with  gradually  increasing  temperature  and  con¬ 
centration  of  hydrogen  until  pure  hydrogen  was  used  at  300°-325°C. 
After  each  synthesis  experiment,  the  catalyst  was  reactivated  with  hy¬ 
drogen,  the  temperature  being  gradually  increased  to  250°-300°C. 
Yields  of  C5+  hydrocarbons,  per  cubic  meter  of  water  gas  charged,  were 
about  23  g  at  240° C  and  a  space  velocity  of  130,  and  15  g  at  260°  C  anti  a 
space  velocity  of  260.  Methane  constituted  30  per  cent,  and  C5+,  35 
per  cent,  of  the  total  hydrocarbon  product,  when  synthesis  was  carried 
out  at  240°C.  The  C5+  product,  although  more  saturated,  was  similar 


lOONi:  18Th02: 100  Kieselguhr  Catalyst  !-■> 

to  that  obtained  by  Fischer  and  his  coworkers  from  an  iron-copper 
catalyst.11 

The  effect  of  alkali  in  producing  higher-molecular-weight  products  had 
been  observed  when  the  synthol  process  was  discovered.  Addition  of 
alkali  to  Fischer-Tropsch  catalysts,  particularly  iron,  constituted  one  of 
the  most  important  steps  in  their  development.  This  subject  will  be 
discussed  in  a  later  section  in  this  chapter.  1  he  effect  of  addition  oi 
alkali  to  cobalt  catalysts  was  similar  to  its  effect  on  iron  but  to  a  smaller 
degree.  Cobalt-copper  alkalized  with  about  0.5  per  cent  potassium 
carbonate  produced  high  contraction  which  rapidly  decreased.5  Paraffin 
formation  was  not  observed  for  08  hr,  in  contrast  to  21  hr  with  iron  cata¬ 
lysts.  Cobalt-copper  (9:1)  to  which  was  added  glass  powder  was  poorly 
active  when  tested  with  water  gas.  At  270°,  the  liquid  product  fraction 
was  very  small;  at  lower  temperatures  less  methane  and  more  liquid 
hydrocarbons  were  produced.  During  any  one  period,  production  fell 
off  rapidly.  The  highest  yield  was  about  33  g  of  C5-f-  hydrocarbons  per 
cu  m  of  water  gas,  obtained  at  250°C.  Cobalt-copper  (9:1)  +  10  per 
cent  [Al(OH)3  +  ^NaOH]  was  active  for  only  a  few  days  when  tested  at 
atmospheric  pressure  and  230°  C.  At  the  end  of  the  first  day,  the  con¬ 
traction  was  40  per  cent  and  the  product  contained,  in  grams  per  cubic 
meter  of  water  gas,  20.7  methane,  00.0  C1-C4  hydrocarbons,  and  39.1 
C5  +  hydrocarbons. 

It  is  apparent  from  the  discussion  in  the  preceding  pages  that  the 
catalysts  tested  during  the  years  1925-1930  were  short-lived  and  pro¬ 
duced  low  liquid  hydrocarbon  yields.  Unfortunately,  all  this  early  work 
was  carried  out  at  atmospheric  pressure:  at  this  pressure  even  catalysts 
that  were  later  found  to  be  active  when  suitably  pretreated  and  operated 
at  higher  pressure  were  very  poor. 


lOONi :  18 1  h02 : 100  Kieselguhr  Catalyst 

The  precipitation  of  nickel-thoria  on  kieselguhr  in  1931  was  an  im¬ 
portant  advance  in  the  development  of  Fischer-Tropsch  catalysts  The 
procedure  of  precipitation  from  the  metal  nitrate  solutions  produced 
more  active  catalysts  than  decomposition  of  the  nitrates,  and  the  pres- 
ence  of  copper  severely  inhibited  the  activity  of  the  nickel-thoria- 
leselguhr  catalyst,  lable  2  shows  the  effect  of  composition  and  of 

catalvst0  .Prpo|Pltant  UPT  thC  aCUvity  °f  the  nickel-thoria-kieselguhr 

a  ! lv  '  «  vtaSS1UTarb0nate  used  as  Palpitant  produced  the  best 
active.,  t  ,°  mm  anf  P°tass'um  hydroxides  produced  completely  in- 
6  catalysts.  Eighteen  per  cent  thoria  and  a  ratio  of  nickel  :kfesel- 

16  U  Fischer  and  K.  Meyer,  Brennstoff-Chem.,  12,  225-32  (1931). 
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Table  2.  Effect  of  Composition  and  Precipitant  upon  Nickel-Thoria- 
Kieselguhr  Catalyst  Tested  at  Atmospheric  Pressure  with  2H2  +  ICO 

(Flow  of  4  1  per  hr  per  4  g  Ni ;  catalyst  layer  30  cm  long.) 


Variable 

Temper¬ 

ature, 

°C 

Time, 

hr 

Contrac¬ 

tion, 

per  cent  “ 

Average 

c5  + 

Hydro¬ 
carbons, 
g  per 

cu  m  b 

CO  Converted  to 
Hydrocarbons,  volume 
per  cent 

Total 

Liquids 

Gases 

.4.  Effect  of  precipitant  on  lOONi 

:  18Th02: 100  kieselguhr  c 

Precipitant 

Iv2C03 

178 

90 

70 

84 

88 

65 

35 

Na2C03 

178 

40 

62 

72 

76 

64 

36 

KHCO3 

180 

117 

48 

46 

60 

43 

57 

(NH4)2C()3 

192 

114 

44 

38 

55 

44 

56 

B. 

Effect  of  Th02  on  lOONi:  100  kieselguhr 

%  ThOo 

18 

180 

355 

65 

74 

84 

(>3 

37 

24 

183 

355 

61 

68 

79 

61 

39 

12 

178 

138 

51 

49 

62 

55 

45 

C.  Effect  of  kieselguhr  on  lOONi:  18Th02,  precipitated  by  K2C03 


Ni :  Kg 
1:1 

1:1.33 

2:1 

3:1 

1:2 


177 

182 

182 

183 

190 


138 

170 

138 

170 

92 


65 

67 

67 

60 

49 


79 

69 

62 

52 

49 


84 

86 

86 

79 

62 


63 

50 

47 

41 

53 


67 

50 

53 

59 

47 


'  100(1  -  floW,  OUtf^flT,cO  gas'  specific  gravity  of  oil  of  0.7  is  assumed. 

>>  Per  cubic  meter  of  2H2  +  1GL»  gas,  spixn  g y  .  ,  ,  •  h  „  re(juced 

<  Reduced  at  450”C,  except  (NH,)2C03  prec.p.tated  catalyst,  uluch 


at  350 °C. 
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guhr  of  1:1  were  optimum.  The  kieselguhr,  which  is  a  diatomaceous 
earth  used  commercially  as  a  filter  aid,  had  a  bulk  density  of  0.1  after 
purification  by  extraction  with  hydrochloric  and  nitric  acids.  Thus,  a 
catalyst  of  composition  lOONi:  18Th02: 100  kieselguhr,  prepared  under 
optimum  conditions  and  reduced  by  hydrogen  at  450° C  for  3  hr,  pro- 
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duced  a  maximum  yield  of  90  g  of  C5+  hydrocarbons  per  cu  m  of  2H2  + 
ICO  at  178°C,  in  a  single  pass.  This  catalyst  was  operated  for  5  weeks 
at  atmospheric  pressure  and  produced  a  high  conversion  of  carbon  mon¬ 
oxide  of  almost  90  per  cent,  of  which  two-thirds  was  liquid  and  one- 
third  gaseous  hydrocarbon  product.  The  synthesis  gas  had  the  following 
composition:  2(3-27  CO,  55-57  H2,  3-4  C02,  6-7  CH4,  7-8  N2,  per  cent 
by  volume. 

If  the  catalyst  was  not  reduced  but  was  taken  directly  into  synthesis 
at  180°C  with  synthesis  gas,  it  was  not  active.  The  effect  of  temper¬ 
ature  and  length  of  reduction  period  upon  the  liquid  hydrocarbon  yield 
is  shown  in  Figure  5.  It  was  observed  that  reduction  at  250°C  for  22 
hr  corresponded  approximately  to  reduction  at  300° C  for  3  hr.  The 
liquid  yield  at  this  point  was  about  20  g  per  cu  m  of  2H2  +  ICO.  The 
best  catalyst  was  that  reduced  by  hydrogen  at  450° C  for  3  hr. 

The  preparation  of  the  lOONi:  18Th02: 100  kieselguhr  catalyst  was 
described  as  follows:  nickel  and  thorium  nitrates,  corresponding  to  5  g 
of  nickel  and  0.9  g  of  thoria,  were  dissolved  together  in  100  cc  of  water 
and  mixed  with  6  g  of  pure  kieselguhr.  The  mixture  was  precipitated 
cold  with  the  stoichiometric  equivalent  of  potassium  carbonate  dissolved 
in  50  cc  of  water.  The  precipitate  was  heated  quickly  to  boiling,  filtered, 
and  washed  on  the  funnel  with  500  cc  of  hot  water.  It  was  then  dried  in 
air  at  110°C  and  pulverized.  In  this  state,  the  catalyst  oxide  mixture 
was  introduced  into  the  synthesis  reactor  and  reduced  with  hydrogen  for 

3  hr  at  450°  C. 


lOOCo :  18ThG2 : 100  Kieselguhr  Catalyst 

Fischer  did  not  believe  that  cobalt  catalysts  were  practicable  on  a 
large  scale,  because  of  the  limited  availability  of  cobalt.  Nevertheless 
he  prepared  and  tested  the  lOOCo:  18Th02: 100  kieselguhr  catalyst  on  a 
laboratory  scale.11  The  method  of  precipitation  was  the  same  as  that 
used  for  the  lOONi:  18ThO>:  100  kieselguhr  catalyst;  the  conditions  ol 
reduction  by  hydrogen  were  4  hr  at  350°C.  The  best  yield  of  C?  + 
hydrocarbons  obtained  by  Fischer  from  a  potassium  carbonate-precipi¬ 
tated  cobalt  catalyst  of  this  composition  was  about  100  g  per  cu  m  o 
2H,  +  ICO,  obtained  in  a  single  pass  at  195°C  and  atmospheric  pres¬ 
sure  The  catalyst  life  was  about  2  months.  During  this  period  the 
average  yield  of  C5+  hydrocarbons  was  82  g  per  cu  m  and  the  minimum 
yield  72  g.  Distillation  and  other  analyses  showed  the  product  to  con¬ 
sist  of  paraffinic  and  olefinic  hydrocarbons  The  fraction b^"g 
range  46°-185°C  was  about  35  per  cent  olefinic  and  the  100  310  C 

17  Y.  Fischer  and  H.  Koch,  ibid.,  13,  (>l-8  (1032). 
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fraction  14  per  cent.  The  average  composition  of  the  C3+  hydrocarbon 
product'  reported  by  Fischer,18  is  shown  in  Table  3.  The  yield  of  meth¬ 
ane  was  smaller  and  the  fraction  of  olefins  in  the  liquid  hydrocarbon 
product  larger  than  were  obtained  from  the  nickel  catalyst. 


Table  3.  Composition  of  Primary  Products  Obtained  from  lOOCo:  18Th02: 100 

Kieselguhr  Catalyst 


(Single  stage,  atmospheric  pressure,  synthesis  gas  containing  CO  29  per  cent  and 


H2  58  per  cent ) 


Boiling 

Range, 

Constituent 

°C 

Gasol  (C3  4-  C4) 

<30 

Gasoline  (Kogasin  I) 

30-200 

Diesel  oil  (Kogasin  II) 
Soft  paraffin  0 

Hard  paraffin  6 

200-300 

Melting 

Quantity, 

Olefin 

Content 

Point, 

weight 

volume 

°C 

per  cent 

per  cent 

4 

50 

62 

30 

23 

10 

50 

7 

.  . 

>70-80 

4 

. . 

a  From  oil. 

6  From  catalyst. 


When  pilot-plant  tests  in  1933-1934  showed  that  nickel  catalysts  were 
unsuitable  for  commercial  application,  this  lOOCo:  18Th02: 100  kiesel¬ 
guhr  catalyst  of  Fischer  was  the  starting  point  in  the  catalyst  develop¬ 
ment  at  Ruhrchemie  A.G.  which  led  to  the  adoption  of  Co-Th02-MgO- 
kieselguhr  (100:5:8:200,  parts  by  weight)  as  the  German  normal  com¬ 
mercial  catalyst.  1  his  development  is  described  in  a  later  section  in 
this  chapter  (p  137).  In  1936,  the  superiority  of  cobalt  over  nickel  was 
again  demonstrated,  when  it  was  observed  that  nickel  catalysts  deteri¬ 
orated  rapidly  at  synthesis  pressures  higher  than  1  atm,  through  the 
formation  of  volatile  nickel  carbonyl. 

A  cobalt  preparation  of  the  same  composition  as  Fischer’s  catalyst  was 
tested  in  1935  in  the  first  laboratory  and  pilot-plant  (4  gal  per  day) 
studies  at  the  British  Fuel  Research  Station,  Greenwich.  The  ob¬ 
jective  of  this  work  was  to  synthesize  lubricating  oils  from  the  primary 
olefimc  hydrocarbon  products.  The  method  used  in  1937  for  preparing 
1 11s  catalyst  on  the  pilot-plant  scale  was  given  as  follows:  19  The  ap¬ 
propriate  quantities  of  cobalt  and  thorium  as  the  nitrates  were  dissolved 
m  dlst,lled  water  m  the  Precipitation  tank,  fitted  with  a  closed  steam 
18  F.  Fischer,  ibid.,  16,  1-11  (1935). 


no 


Development  of  Fischer-Tropsch  Catalysts 

coil  toi  heating.  Acid-washed  kieselguhr  was  added  while  the  mixture 
was  vigorously  stirred,  and  then  a  slight  excess  of  cold  dilute  potassium 
carbonate  solution  was  slowly  added  from  the  alkali  tank  above.  When 
precipitation  was  complete,  the  mixture  was  heated  to  the  boiling  point, 
and  then  forced  through  the  filter  press  by  compressed  air.  The  pre¬ 
cipitate  was  washed  free  from  alkali  with  boiling  distilled  water.  Tests 
showed  that  catalysts  used  directly  in  synthesis  without  thorough  wash¬ 
ing  were  inactive.  The  catalyst  was  dried  at  1 10°  C  and  then  broken  up 
into  4-8  mesh  granules.  Approximately  two-thirds  of  the  dry  catalyst 
was  collected  in  this  manner;  the  finer-grained  material  was  powdered 
and  pelleted.  The  quantity  of  dry  catalyst  prepared  in  a  single  batch 
was  5  kg.  The  capacity  of  the  precipitation  tank  was  380  1,  while  that  of 
the  alkali  tank  was  130  1.  For  each  10  g  of  Co  used  in  the  preparation  of 
the  catalyst,  600  cc  of  distilled  water  was  used  to  make  up  the  solution, 
400  cc  for  the  potassium  carbonate  solution,  and  2  1  for  washing. 

In  a  700-hr  pilot-plant  test  with  a  batch  of  catalyst  consisting  of 
granules  and  pellets,  prepared  as  described  above  and  reduced  by  flue 
gases  at  350°C  in  a  unit  separate  from  the  synthesis  reactor,  the  average 
oil  yield  (C5+  hydrocarbons)  was  60  g  per  cu  m  synthesis  gas  (2H2  + 
ICO  containing  4  per  cent  inerts),  produced  at  operating  temperatures 
between  194°  and  214°C  and  at  atmospheric  pressure. 

Subsequently,  in  1938,  the  procedure  of  catalyst  preparation  was 
modified  in  two  respects:  (1)  addition  of  kieselguhr  was  postponed  until 
80  per  cent  of  the  potassium  carbonate  had  been  added  to  the  mixture  of 
cobalt  and  thorium  nitrates.  (2)  All  the  dried  catalyst  cake  was  pel¬ 
leted,  no  lubricant  being  used.  Laboratory-scale  tests  of  this  catalyst 
reduced  by  hydrogen  at  350°  C  and  operated  at  atmospheric  piessuie 
with  2H2  +  ICO  gas  at  a  throughput  of  200  cc  per  g  catalyst  per  hr 


Table  4.  Olefinic  Content  of  Oil  from  IOOCo:  18T1i02:  100  Kieselguhr 
Catalyst  at  Atmospheric  Pressure  of  2H2  +  ICO  Gas  (British  Flel  Research 

Station) 


Boiling 

Range, 

°C 

<80 

80-110 

110-140 

140-210 

210-250 

250-300 

Residue 

Loss 


Weight 
Per  Cent 
14.9 
14.8 
10.5 

17.3 

11.4 
14.7 
14.7 

1.8 


Assumed 

Mean 

Molecular 

Weight 

80 

100 

114 

142 

172 

2G3 


Bromine 

Number 

100.5 

57.0 

35.3 

17.4 
5.4 
0.6 


Per  Cent 
of 

Mono¬ 

olefins 

50 

35.5 

25.2 

15.4 

5.8 

1.0 
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produced  yields  of  C3+  products  of  110-130  g  per  cu  m  of  synthesis  gas. 
A  1,900-hr  pilot-plant  test  at  186°-215°C  and  atmospheric  pressure,  re¬ 
ported  in  1939, 19  produced  over  93  g  C5-f-  hydrocarbons  per  cu  m  ol 
2Ho  -f  ICO.  Of  this  yield,  3  g  was  “catalyst  wax,”  which  was  removed 
by  solvent  extraction  of  the  catalyst  at  200-hr  intervals  during  the  run. 
The  octane  number  (C.F.R.  motor  method)  of  the  gasoline  ti  action  boil¬ 
ing  below  150°C  was  46.  The  cetene  number  of  the  Diesel  oil  fraction 
(210°-300°C)  was  100.  Since  the  olefin  content  of  the  oil  was  of  par¬ 
ticular  interest,  the  degree  of  unsaturation  of  the  product  recovered  at 
the  end  of  500  hr  was  determined  by  measuring  the  bromine  number  of 


various  fractions.  Results  are  shown  in  Table  4. 

In  1942,  when  U.  S.  Bureau  of  Mines  catalyst  development  was  re¬ 
sumed  after  a  lapse  of  12  years,  a  catalyst  of  composition  lOOCo: 
18ThO2:100  kieselguhr  was  tested.20  Catalyst  2A  was  prepared  by  the 
addition  of  potassium  carbonate  solution  to  a  cobalt  nitrate  solution  con¬ 
taining  the  kieselguhr  (Johns-Manville  Hyflo-Super-Cel  filter  aid)  and 
the  thoria,  which  had  been  separately  precipitated  by  potassium  hy¬ 
droxide.  Bulk  density  of  the  pellets,  compressed  in  a  pelleting  machine, 
was  0.69  g  per  cc.  The  catalyst  was  reduced  in  the  reactor  by  passage 
of  hydrogen  at  atmospheric  pressure  at  a  space  velocity  (volumes  of  hy¬ 
drogen  per  volume  of  catalyst  space  per  hour)  of  20  for  24  hr.  During 
the  first  20  hr,  the  temperature  was  gradually  raised  to  360° C  and  was 
held  at  that  point  for  4  hr  longer.  Then  the  catalyst  was  inducted  by 
passage  of  synthesis  gas  at  7  atm  for  10  hr  during  which  time  the  tem¬ 
perature  was  raised  from  160°C  to  synthesis  temperature.  During  a 
2,400-hr  test  (1  able  5)  at  7  atm,  with  hydrogen  flushing  after  every  4  or 
5  days,  fairly  uniform  activity  was  maintained.  The  average  yield  was 
about  55  g  C5+  hydrocarbons  per  cu  m  of  feed  gas  (containing  2H2  + 
1  CO),  and  the  maximum  yield  85  g.  The  specific  yields  (grams  per  cubic 
meter  of  gas)  in  all  U.  S.  Bureau  of  Mines  tests  were  obtained  at  an 
arbitrarily  chosen  and  fixed  degree  of  contraction,  usually  70  per  cent 
lor  cobalt  catalysts,  per  pass.  In  a  multistage  process,  the  specific  yield 
would  be  expected  to  be  about  50  per  cent  greater.  Also,  operation  in  a 

single  pass  at  complete  conversion  would  produce  yields  about  33  per 
cent  greater.  1 


By  an  nnproved  method  a  catalyst  of  the  same  composition  was  pre¬ 
pared  in  1944  as  follows:  To  a  boiling  solution  of  chemically  pure  co¬ 
balt  and  thorium  nitrates  of  about  0.6  molarity  of  cobalt  nitrate  heated 
to  boiling  were  added  Johns-Manville  Filter-Cel  kieselguhr  and  then  a 
cold  solution  of  potassium  carbonate,  slightly  in  excess  of  the  stoichio- 

1  H.  H.  Storch,  R.  B.  Anderson,  L.  J  E  Hofer  C  O  h  n  \  j 

N.  Golumbic,  U.  S.  Bur.  Mine s  Tech.  Paper  7011  (1948),  213  pp.  '  “d 


Table  5.  U.  S.  Bureau  of  Mines  Tests  of  Pelleted  Co-TIiCVKieselguhr  (100:18:100)  Catalyst  with 

2H2  +  ICO  Gas  Mixture  0 


132 


Development  of  Fischer-Tropsch  Catalysts 


O'  t-75 
«  U)«  13 

tc  3*  “* 

^  G 

O 

173.3 

176.5 

164.2 

Hydrocarbon  Products 

+ 

d 

of 

33 

0 

m 

"G 

G 

G 

m 

T3 

’3 

c* 

a 

1  1  v 

02  02  -r^ 

02  £  ^ 
c3  C  02 

r^>* 

CO  <M  1— 1  O  CO  CO  CO 

-—1  <N  i-h  00  CO  00  00 

t-H  »-H  t-H 

Weight 
Per  Cent 
of  Total 
Hydro¬ 
carbons 

72 

71 

71 

78 

75.3 

67.6 

69.5 

Max 
g  per 

CU  III  d 

85 

61 

63 

74 

95.8 

97.8 

109.0 

Av 
g  per 

CU  Ill  d 

^  -;oi  0 

10  10  in  co  co 

iO  U5K3  lO  00  00  00 

75 

O  Si  G 

1  M®  3 

O  § 

05  CO  05 

-hC0  3*N  to  0  CO 

(NCINH  Cl'#  CO 

r-< 

K  bC  O  G 

O  G 

02 

14.2 

23.4 

20.5 

Average 
Contrac¬ 
tion, 
per  cent 

0-^00  i— 1 1— •  0 

10  >0  ns  to  u-  i> 

Average 

Temper¬ 

ature, 

°C 

0  -t1  t>.  N.  05  Is- 

05  05  05  05  00  00  CO 

1-H  #— 1  1-H  1-H  t-H  1— 1 

Average 
Space 
Velocity  c 

206 

222 

193 

157 

100 

100 

100 

Pres¬ 

sure, 

atm 

t>  HN  S 

Total 
Time, 
hr  6 

60 

OOOO  00  0  a 

0  to  IN  CO  05 

OClG’t  a  co  >-3 

HH« 

Cata¬ 

lyst 

No. 

2A 

108B 

s- 

O 

ti-i 

'O 

a> 

M 

m 

G 

a 

0 

05 

bC 

O 

H 

>> 

-G 


£=  g 

p:<G 

-o 
.  G 

s  c3 

Ph  .« 

O  ^ 

2  3 

<4H 

*4-H 

OTJ 
.  02 


o 


S?-3 

>  s 

q;  G 

S  O 

S  72 
W*73 

| 

£  GO 

%  £b 

g  300 

C.  to  ^ 

®  “  o 
£ 

o  12 
•  b  72 

*r  ^ 

_C  £ 
Ch  ° 
72  £ 
O  ,rH 

G  G 
r3  o> 


C 

■  o 
c 

c3 

CO 


12  — 
5h  ^3 


02  £ 


^-gO^ 

3  Oo  ^ 

§30 
•^2' 

§  Q,-g 

a  13 


'  a 

i- 

o 

<4-1 

<D 

+^  .G  2*3 
cb  3  G  G 

>> 


,  bdO 

cb 


cb  3 

2  s 


72 


ci 

^-H 

C3 

02  °  — 

^  S-h 

o  02  £ 

02  d  72  d 

s  3  -g  * 
>  g  -2  S 

.  .G  +2  ,  •. 
tB^sj  fi  OO 
G  -3  G  3  o 
bid  G  O  irj 

—  S  os 

s_  1— I 

§  0-3  -g  O 
4-(  02  c3 

21^1 1 

02  b  •  jH  O  rrt 

*2.2  ^  r 

G  O  3  G 
3  «  §  > 
g^S-S®, 

G  o  o  cb  3 

«  a  <U  c3  ^3 
S  3  2 

aI  a 

1 6  fee. 

G  br  G  aj 

ciS  £  -p  4= 

s-  •--  >  g  . 

■O  «  ->  «  lO 


02  t~> 

b  0 
3«- 

si 

s~ 

a  3- 
o'  a, 

G 

C  G 
-C  G 
iO  M 
•  c3 

O  o 

<*-.  o 
^00 
a 

H  o 

w"0 
O  G 

o  .2 

3 

r  ■  . 

O  co 

>>g 


*3 

^02 

> 


02 

a. 

+-> 

c3 


8  ® 

aG 

m 

c3 
c3  . 


02 

-a> 

02 


-S  J5 
c3  ^3 

l>  GO 

g| 

O 

lO  . 

’-'O 

o 

G  TjH 
CB  S 
G  1-1 

b£i*j 

co  G 

"S 

.  «  G 
>G3  « 
G  -►»  u 
O  3 
!h  r  Sh 
0J 

bJO  «J  rv 

G<*h  ^ 
3  OKI 

W  _  lC 

01  G 

«  o 

aj  .— 

to  *> 
n  W 
a  G 
.  G  "G 
p-~  o.„ 

3^-3° 
-p  <D  G  G 

G  -tJ  •"  t- 

G  ^*3 
iiOGg 

G  G-3  u 
§•2^- 


02 

<rf 


fl 

O 


02 


72  £ 

2 
02  .g 

-C  V-j 

■S  d 

5.  o 

>>  02 
02 

72 

O  c3 


0  V 
-§  = 
.2  "c 

ib  a 

G  c: 


5.2 

2  -G 

S  H 

u 
w  * 

G 


i; 

IB 

K**^* 

C3  ^ 

o* 


133 


100 Si :  25MnO :  10Al2O3 : 100  Kieselgulir 

metric  equivalent,  while  the  mixture  was  efficiently  st  fired.  The  pre¬ 
cipitate,  which  settled  rapidly,  was  filtered  with  suction  and  was  washed 
with  boiling  distilled  water  until  the  wash  water  was  nitrate-free  (nega¬ 
tive  test  with  diphenylamine-sulfuric  acid  reagent),  the  moist  filter 
cake  was  spread  on  glass  plates  in  layers  about  -j-  in.  thick  and  dried  in 
air  at  about  100°C.  The  dry  cake  was  powdered,  screened,  and  com¬ 
pressed  in  a  pelleting  machine  into  pellets  3.2  mm  in  diameter  by  3.2  mm 
in  length.  Four  per  cent  by  weight  of  flake  graphite  was  mixed  with  the 
powder  to  act  as  a  die  lubricant  during  pelleting.  Bulk  density  of  the 
pellets  was  0.77  g  per  cc.  The  catalyst  was  reduced  in  the  reactor  by 
hydrogen  at  atmospheric  pressure  passed  at  a  space  velocity  of  20  for 
24  hr.  During  the  first  20  hr,  the  temperature  was  gradually  increased 
to  360° C  and  was  held  at  that  point  for  4  hr  longer. 

In  two  tests  of  more  than  1,000  hr  each  at  atmospheric  pressure  and 
at  7  atm,  respectively,  this  catalyst  (108B)  produced  an  average  of  83  g 
of  C5-f-  hydrocarbons  per  cu  m  of  synthesis  gas  charged  (Table  5).  The 
maximum  yield  was  109  g  per  cu  m. 


German  Commercial  Catalyst  Development 

lOONi  :25MnO :  10Al2O3 : 100  KIESELGUHR 

Replacement  of  thorium  in  the  lOONi :  18Th02 : 100  kieselguhr  cata¬ 
lyst  by  manganese,  which  had  the  advantage  of  being  less  expensive, 
vas  attempted  by  Fischer.16  A  catalyst  consisting  of  nickel-manganese- 
kieselguhi  in  the  latio  100.20.100  was  prepared  by  precipitating  man¬ 
ganese  dioxide  from  the  nitrate  with  hydrogen  peroxide  and  then  pre¬ 
cipitating  the  whole  catalyst  by  potassium  carbonate.  This  catalyst  was 
operated  for  4  weeks  at  190°-200°C  and  atmospheric  pressure  and  pro¬ 
duced  a  maximum  yield  of  about  90  g  and  an  average  yield  of  about  75  g 
of  C5+  hydrocarbons  per  cu  m  of  2H2  +  ICO  in  a  single  pass.  Improve¬ 
ment  of  the  catalyst  was  observed  when  a  small  quantity  of  alumina  was 
added. 

Fischer  and  his  coworkers  in  1932  considered  their  process  sufficiently 
I"*  011  f  laboratJy  seale  to  merit  pilot-plant  experimenta- 

100Ni-25Mi  o'  lOAU)  100  k  i  I^T  approximate  composition: 

JoMnO .  10Al2O3 . 100  kieselguhr.  It  was  prepared  in  the  labo- 

l  p  P!SCf|er’  JJ-  Pic^ler>  an<1  R-  Reder»  Brennstoff-Chem . ,  13,  421-8  (1932) 

23  /  *'Scbei  ’  vRo.el®n>  and  W-  Feisst,  ibid.,  13,  461-8  (1932)  '  ‘ 

24  p  Raftner-Sebench  and  II.  Koch,  ibid.,  13,  308-10  (1932). 

F.  Fischer  and  H.  Koch,  ibid.,  13,  428-34  (1932). 

H.  Koch  and  O.  Horn,  ibid.,  13,  1G4-7  (1932). 
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ratory  by  dissolving,  in  GOO  parts  by  weight  of  distilled  water,  250  parts 
of  crystalline  nickelous  nitrate  (GH20),  50  parts  of  manganous  nitrate 
(6H20),  and  34  parts  of  aluminum  nitrate  (9H20).  To  the  nitrate  solu¬ 
tion  was  added  GO  parts  by  weight  of  kieselguhr,  unpurified  but  sifted. 
The  mixture  was  immediately  precipitated  cold  with  a  solution  of  210 
parts  by  weight  of  anhydrous  potassium  carbonate  dissolved  in  600 
parts  of  distilled  water.  The  precipitate  was  quickly  heated  to  boiling, 
filtered,  washed  4  or  5  times  with  hot  distilled  water  (20  cc  H20  per  g 
Ni),  and  dried  in  a  stream  of  air  at  110°C.  For  laboratory  tests,  the 
dried  mass  was  powdered.  For  larger-scale  tests  granules  were  obtained 
by  pressing  the  wet  filter  cake  upon  the  funnel  in  such  a  manner  as  to 
produce  large  cracks.  When  dry,  the  filter  cake  broke  along  the  cracks 
and  the  granules  thus  obtained  were  screened  to  remove  fine  powder. 


In  preparation  on  a  large  scale,  technical-grade  raw  materials  were 
used.26  A  mixture  of  manganese  dioxide  (pyrolusite),  aluminum  scraps, 
and  one-third  of  the  nickel  was  treated  with  one-third  of  the  required 
amount  of  nitric  acid  solution  containing  1  part  of  concentrated  acid  of 
specific  gravity  1.4  and  2  parts  of  water.  The  mixture  was  slowly  heated 
for  about  3  hr,  until  the  nickel  was  dissolved.  The  remaining  manganese 
dioxide  and  aluminum  mixture  was  mixed  with  another  portion  (one- 
third)  of  the  nickel  and  treated  with  a  similar  aliquot  of  nitric  acid. 
With  the  final  addition  of  the  remaining  nickel  and  nitric  acid  all  the 
manganese  dioxide  except  a  small  amount  of  impurity  dissolved.  The 
excess  nitric  acid  was  neutralized  with  potassium  carbonate  and  pie- 
cipitation  was  carried  out  as  described  above,  using  technical-grade 

potassium  carbonate. 

The  catalyst  was  reduced  with  hydrogen  in  the  synthesis  converter 
for  4  hr  at  450°C.  This  temperature  could  not  he  lowered  by  adding 
copper  to  the  catalyst:  it  was  observed  that  even  very  small  quantities 
of  less  than  1  per  cent  curtailed  the  productivity  35  per  cent.-  imi- 
larly,  addition  of  carbon  monoxide  or  carbon  dioxide  to  the  hydrogen 
used  in  reduction  produced  poor  catalysts.  However,  if  the  catalyst 
reduced  at  450°C  with  hydrogen  containing  ammonia,  before  being  taken 
into  synthesis,  an  improvement  of  15  per  cent  in  yield  and  13  P< 
in  the  life  of  the  catalyst  was  observed Reactivation  by  removal  o 
hard  paraffin  from  the  catalyst  was  earned  out  by  reducing  for  4  hr  at 
450»C  with  hydrogen  containing  about  200  g  ammonia  per  cu  m  of  hy 
drog™  By  this  procedure  a  catalyst  could  be  restored  to  its  original 

efficiency  about  6  times. 

26  f.  Fischer  and  K.  Meyer,  ibid.,  14,  ,7^° 

27  F.  Fischer  and  K.  Moyer,  ibid  14,  64-7  (U). 

28  f.  Fischer  and  K.  Meyer,  ibid.,  14,  8b  4(1.8  ). 
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In  laboratory  tests  using  15-mm-I.D.  glass  tubes  in  which  4  1  per  hour 
of  2H2  +  ICO  was  passed  over  a  30-cm  horizontal  layer  of  catalyst 
corresponding  to  4  g  of  Ni,  the  maximum  yield  obtained  at  190  C  and 
atmospheric  pressure  was  90  g  C5+  hydrocarbons  per  cu  m  of  2H2  + 
ICO.  The  average  yield  was  84  g,  and  the  minimum,  at  the  end  of  a 
4-week  period,  was  75  g,  at  210°C.  The  experimental  plant  consisted 
of  a  battery  of  cells  12  mm  thick  by  1.2  m  wide  by  5  m  high,  immersed 
in  an  oil  bath.  A  yield  of  70  g  of  oil  per  cu  m  of  2H2  +  ICO  was  obtained 
at  190°-210°C  and  at  atmospheric  pressure.  In  1934,  the  Ruhrchemie 
A.G.  erected  a  pilot  plant  of  about  1,000-tons-per-year  capacity  at 
Oberhausen-Holten,  Ruhr,  Germany  (see  Chapter  4,  p  337).  A  Ni-MnO- 
Al203-kieselguhr  catalyst  was  used  at  190°-210°C  and  atmospheric  pres¬ 
sure.  Because  of  difficulties  encountered  in  operation  with  this  catalyst, 
nickel  catalysts  were  abandoned  for  commercial  use. 


COBALT-THORIA-KIESELGUHR  CATALYSTS 

In  1934,  Roelen  and  Feisst  resumed  catalyst  testing  in  the  Ruhr¬ 
chemie  laboratory,  starting  with  the  cobalt  catalyst  of  Fischer.  The 
sodium  carbonate-precipitated  lOOCo:  18Th02: 100  kieselguhr  S.ll  cat¬ 
alyst  tested  in  the  Ruhrchemie  laboratory  produced  an  average  yield  of 
C3+  hydrocarbons  of  120  g  per  cu  m  2H2  +  ICO  during  the  first  4,000 
hi  of  its  life  in  the  “Rauxelerversuchsofen” — the  reactor  in  which  the 
Ruhrchemie  work  was  done.29  Nevertheless,  changes  in  the  kieselguhr 
and  thoria  content  occurred,  as  an  intensive  effort  was  made  to  produce  a 
less  expensive  catalyst  suitable  for  commercial  use.  Because  of  the 
limited  supply  of  kieselguhr  S.ll,  another  kieselguhr  was  found  which 
uas  available  in  larger  quantities.  This  was  known  as  kieselguhr  S.120. 
A  change  was  also  made  to  a  more  dilute  catalyst  by  doubling  the  kiesel¬ 
guhr  content.  The  larger  percentage  of  kieselguhr  increased  the  dilution 
of  the  active  metal  and  resulted  in  improved  activity  and  life  of  the 

"at,a'ySh„  ™s,  ?ffect  is  demonstrated  by  the  results  summarized  in 
1  able  0,  which  showed  that  after  100  hr  the  catalyst  containing  200 
parts  by  weight  ot  kieselguhr  retained  its  activity  for  a  longer  period 
A  discussion  of  the  function  of  the  carrier  and  the  effect  of  the  nature  and 

quantity  oi  the  carrier  upon  the  activity  of  the  catalyst  is  presented  in  a 
later  section  of  this  chapter  (p  175). 

The  first  satisfactory  catalyst  used  in  the  Ruhrchemie  pilot-plant 
contained  approximately  lOOCo:  18Th02: 200  kieselguhr :2Cu, 

»  li  !r  ?all  “"?.S'  n  Crax,ord>  f’B  93,498  (1948),  178  pn 
Ruhrchemie,  March  1937,  F.I.A.T.  Reel  K21,  Frlme  980. 
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Table  (j.  Ruhrchemie  Tests  of  Cobalt  Catalysts  at  Atmospheric  Pressure 

(March  1937) 

T.  lOOCo :  I8TI1O2 :200  kieselguhr  S.120;  cobalt  density  =  68  g  per  1;  catalyst  layer 

=  38.3  cm 

B.  lOOCo:  18ThOo:  100  kieselguhr  S.120;  cobalt  density  =  99  g  per  1;  catalyst  layer 

=  26.3  cm 

(Both  catalysts  reduced  at  400 °C  with  space  velocity  of  H2-N2  of  6,000  for  2  hr.) 


parts  by  weight.31  A  commercial-size  reactor  was  put  into  operation  at 
Gewerkschaft  Viktor-Rauxel  in  the  spring  of  1935.  The  copper-con¬ 
taining  catalyst  used  in  this  unit  was  reactivated  3  times  by  hydrogen 
passed  at  200°-210°C  for  12  hr,  so  that  its  lifetime  was  increased  to  about 
3  months.  An  average  yield  of  90  g  C5+  hydrocarbons  per  cu  m  ol 

2H2  -f-  ICO  gas  was  produced  in  this  unit.  . 

The  catalyst  was  prepared  from  technical  raw  materials,  starting  w it  1 
metallic  cobalt  which  was  dissolved  in  nitric  acid.  The  solution  con¬ 
taining  the  nitrates  of  cobalt,  thorium,  and  copper  was  heated  to  boiling. 
A  boiling  slurry  of  kieselguhr  was  added  and  immediately  afterwar  s  a 
boiling  solution  containing  the  stoichiometric  equivalent  of  sodium 
carbonate.  Potassium  carbonate,  which  produced  »  ^«y^no, 
catalyst  was  not  used  because  it  was  too  expensive.  ^  . 

in  which  the  slurry  and  precipitant  were  added  showed  that  it  ma  e 
little  difference  whether  both  were  introduced  into  the  nitrate  solution 
simultaneously  or  whether  one  or  the  other  was  added  a  few  seconds 
earlier.  The  precipitated  mixture  was  heated  to  boiling  for  1  min  am 

L.  Alberts,  private  communication. 
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then  filtered  with  suction.  The  filter  cake  was  washed  6  times  with 
boiling  distilled  water,  after  which  it  was  placed  on  trays  and  dried  in 
air  at  110° C  for  about  24  hr  until  the  moisture  content  was  about  8  per 
cent.  The  dry  cake  was  broken  into  1-3-mm  granules,  screened  to  re¬ 
move  fine  powder,  and  then  placed  in  the  synthesis  reactor.  Reduction 
was  carried  out  at  220° C  at  a  space  velocity  of  hydrogen  of  100-200  for 
4-6  hr;  the  average  extent  of  reduction  was  about  60  per  cent. 

The  low  temperature  at  which  the  catalyst  could  be  reduced  was  made 
possible  by  the  presence  of  a  small  amount  of  copper.  In  the  absence 
of  copper,  the  temperature  necessary  to  reduce  the  catalyst  containing 
cobalt  was  350°-400°C.32  Reduction  under  these  conditions  required 
special  apparatus,  which  was  not  then  available.  The  life  of  the  copper- 
containing  catalyst  was  exceedingly  short,  probably  as  the  result  of 
progressive  alloying  of  cobalt  with  copper.  When,  late  in  1935,  a  sep¬ 
arate  reduction  unit  was  completed  at  Ruhrchemie,  copper  was  elimi¬ 
nated  from  the  catalyst.31 

The  standard,  or  normal,  commercial  catalyst  in  1937  had  the  ap¬ 
proximate  composition  lOOCo:  18ThO2:200  kieselguhr  S.120.  It  was 
reduced  in  thin  horizontal  layers  by  the  rapid  vertical  flow  (space  ve¬ 
locity  about  6,000)  of  dry  hydrogen  containing  about  25  per  cent  nitrogen 
(from  the  commercial  ammonia-synthesis  plant)  at  about  350° C  for 
40-50  min.  Because  of  the  high  price  of  thorium,  its  content  was  de¬ 
creased  to  15  per  cent,  based  on  cobalt.  In  1938,  the  normal  composi¬ 
tion  was  lOOCo :  15Th02 : 200  kieselguhr  S.  120.  The  reduction  conditions 
were  also  changed  to  2  hr  at  400°  C  and  a  space  velocity  of  H2-N2  of 
6,000  (300  1  per  50  cc  of  catalyst  per  hr).33  34  Under  these  conditions, 
60-70  per  cent  of  the  cobalt  in  the  catalyst  was  reduced  to  free  metal! 


Co-Th02-MgO-KIESELGUHR 


In  1938,  Roelen  suggested  that  part  of  the  thoria  in  the  cobalt-thoria- 
kieselguhr  catalyst  be  replaced  by  magnesia.31  The  activating  effect  of 
magnesia  was  explained  by  Roelen  35  on  the  basis  of  the  similarity  of  its 
molecular  volume  to  that  of  cobaltous  oxide  (CoO),  11.3  and  116  re- 
spectively,  which  probably  results  in  the  formation  of  a  continuous  series 
of  mixed  crystals  and  influences  the  reducibility  of  the  catalyst.  The 


32  H.  Pichler,  The  Synthesis  of  Hyd 
drogen,  U.  S.  Bur.  Mines  Spec.  Rept 
T.O.M.  Reel  259,  Frames  467-654 


rocarbons  from  Carbon  Monoxide  and  Hy- 
1947,  159  pp.  Translation  reproduced  in 


“Ruhrchemie,  1938,  F.I.A.T.  Reel  K21,  Frames  1,010-11 

*  J  n ‘o  I4  A  T  *"•  K2b  Frame.  1,098-107. 

ftepl.  447,  Item  SO.  Craxr°rd’  a"d  D'  Gal1,  PB  77'705  (1946>'  00  pp:  Final  B.l.O.S. 
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effect  of  varying  amounts  of  thoria  and  magnesia  was  studied  in  the 
following  way.  Each  preparation  was  tested  for  2,800  hr,  starting  at 
185°C,  treating  with  hydrogen  after  700  hr,  and  again  at  2,200  and  2,500 
hr.  The  temperature  was  increased  to  192°C  at  950  hr,  to  193°C  at 
1,900  hr,  and  to  194°C  at  2,200  hr.  The  figures  shown  in  Table  7  29-36  are 
the  total  outputs  calculated  as  a  percentage  of  the  output  from  the  best 
sample.  It  is  remarkable  how  small  an  amount  of  thoria  was  sufficient 


Table  7.  Effect  of  ThCVMgO  on  Performance  of  Cobalt-Kieselguhr 

(100:200)  Catalyst 


Weight  Per  Cent  of  Promoter 


Th02 

5 

3 

2 

l 

0.5 


15 


MgO  ° 

10 

10 

10 

10 

10 

10 

15 


Output  of  Products, 
per  cent 
100 
99 
99 
95 
95 
92 
92 
90 


“  Based  on  starting  material. 


to  make  a  cobalt-thoria-magnesia-kieselguhr  catalyst  perform  satis¬ 
factorily.  Cobalt-magnesia  catalysts  were  sensitive  to  temperature  and 
difficult  to  control.  The  mixed  catalysts  containing  thoria  and  magnesia 
were  more  satisfactory  in  this  respect.  In  addition,  the  presence  of 
magnesia  resulted  in  a  stronger  catalyst  granule.  This  property  was  im¬ 
portant  in  reducing  dust  formation  in  the  synthesis  reactors,  which  causes 
poor  distribution  of  gas  and  the  production  of  “hot  spots.”  37  .  The  pres¬ 
ence  of  thoria  reduced  to  a  certain  extent  the  harmful  effect  of  impuiities, 
such  as  copper,  calcium,  and  aluminum,  and  the  deleterious  effect  of 
vigorous  mechanical  treatment  of  the  wet  catalyst  cake  (after  filtration 

and  washing).  innr.  . 

The  composition  finally  adopted  for  the  commercial  plants  was  lOOCo. 

5Th02 : 8MgO :  200  kieselguhr.  This  catalyst  was  used  until  944,  \\hen 
production  was  sharply  curtailed  as  a  result  of  intensive  bombing  o  e 
plants.  The  usual  variation  in  composition  was  within  the  hm  t  . 

5  2  ner  cent  of  Th02  (based  on  metallic  cobalt)  and  7.5  8.5  per  ce 
MgO  29  The  figure  for  magnesia  was  not  critical  and  could  vary  between 
j,  and  10  per  cent.  However,  the  quantity  of  thona  was  required  to  be 

SnMc  1  (1945),  41  pp;  PB  2,051. 
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about  5  per  cent  because  of  its  role  as  protector  against  impurities.  The 
same  composition  was  found  to  be  best  for  both  atmospheric-  and 
medium-pressure  synthesis  and  to  produce  catalysts  that  had  a  life  of 
about  6  months.  An  analysis  made  in  1943  31  showed  the  following  char¬ 
acteristics  (Table  8)  for  a  typical  catalyst  batch.  The  average  yield  was 
150  g  per  cu  m  of  2II2  +  ICO,  of  hydrocarbons  ranging  from  propane- 
propylene  to  waxes  of  2,000  molecular  weight. 

Table  8.  Analysis  of  a  Typical  Commercial  Cobalt  Catalyst 
( 100Co:5ThO2 :8MgO  :200  Ivieselguhr) 


Granule  size,  mm  2-3 

Dust  content,  per  cent  1 .5 

Abrasivity,  per  cent  18.2 

Bulk  density,  g  per  1  a  280 

Chemical  composition,  per  cent 
Co  24 

Th02  1.25 

MgO  1.84 

Ivieselguhr  42 . 83 

a  Measured  in  converter. 


MANUFACTURE  OF  COMMERCIAL  CATALYST, 
lOOCo : 5Th02 :  8MgO :  200  KIESELGUHR 

The  standard  Ruhrchemie  cobalt-thoria-magnesia-kieselguhr  catalyst 
was  made  in  three  catalyst-manufacturing  plants.38,39  These  were 
Ruhrchemie  at  Sterkrade-Holten,  Brabag  at  Ruhland-Schwarzheide,  and 
Wintershall  at  Luetzkendorf ;  they  produced  50.0,  32.5,  and  17.5  per 
cent,  respectively,  of  the  total  catalyst  output.  The  Ruhrchemie  plant 
was  built  during  the  summer  of  1935,  the  Brabag  plant  in  1937,  and  the 
Wintershall  factory  soon  afterwards.31 


Procedure  for  Preparing  Catalyst  Cake 

Maximum  daily  output  of  the  Ruhrchemie  Sterkrade  plant  was  that 
equivalent  to  4  metric  tons  of  cobalt.  This  plant  supplied  all  six  Fischer- 
Tropsch  plants  in  the  Ruhr  area.  Illustrated  diagrammatically  in 
iguie  0  ■  aie  the  various  steps  in  the  manufacture  of  the  catalyst  at 

128  pp;  PB1 22341. U'  S’  Technical  Mission  111  Europe,  Iiept.  248-45  (1945), 

M  K-  K°Trn°a  C!  aL’  Rep°rt  on  the  Petroleum  and  Synthetic  Oil  Industry  of  Cer 
many,  B.I.O.S.  Overall  Itept.  1  (1947),  pp  82-103.  G 

Pb’L0'  Ha"  a"d  V-  C  I  0  S-  Fil«  XXVII-09.  Item  30  (1945),  97  pp; 
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Sterkrade.  A  solution  (750  1)  of  the  nitrates  in  the  proportions  equiv¬ 
alent  to  100Co:5ThO2:  lOMgO  and  containing  40-41  g  per  1  cobalt  was 
heated  to  100°C  in  an  overhead,  stainless-steel  tank  (A).  Magnesium 
was  incompletely  precipitated  under  the  conditions  of  preparation,  and 
for  this  reason  the  nitrate  corresponding  to  2  parts  MgO  in  excess  of  that 


Nitrates 


Rejects  to 
cotolyst 
reworking 
process 


Figure  3-6.  Flow  scheme  for  cobalt-catalyst  manufacture  at  Ruhrchemie  A.G., 

Sterkrade.  Reproduced  from  reference  40. 

required  in  the  catalyst  was  used.  The  hot  nitrate  solution  was  trans¬ 
ferred  into  the  precipitating  tank  (B)  fitted  with  a  d.rect-dnve tw.n- 
screw  stirrer  and  containing  750  1  of  a  solut.on  of  sodium  carbonate  (104 
g  per  1)  previously  heated  to  100°C.  The  mixture  was  stirred  to  0.5 
min  and  then  dry  kieselguhr  (180-200  parts  by  weight,  based  on  cobalt) 
was  added  through  the  hopper  (C);  stirring  was  contmu ed fo^mm 
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standard-type  filter  press  (D)  and  the  cake  washed  with  distilled  water 
until  the  wash  water  was  neutral  when  tested  with  nitrophenol.  (In 
the  test,  100  cc  wash  water  was  acidified  first  with  5  cc  0.1  N  sulfuric 
acid.)  Catalyst  equivalent  to  64  kg  cobalt  required  about  10  cu  m  wash 
water,  and  the  washing  period  was  14-15  min. 

The  washed  cake  was  then  dropped  into  a  “masher”  ( E ),  situated 
below  the  press,  and  was  mixed  with  fine  powder  from  the  screening 
plant.  The  resulting  cream  was  pumped  to  a  rotating  suction  filter  (F). 
The  thin  cake  scraped  off  the  filter  drum  contained  approximately  70 
per  cent  water.  It  was  dropped  into  the  extruder  ( G ),  where  rotating 
arms  forced  the  paste  through  3-mm-diameter  holes  into  the  drying 
chamber  ( H ).  The  dryer  was  a  cylindrical  vessel  7  m  in  diameter,  con¬ 
taining  20  superimposed  stages  20  cm  apart.  The  catalyst  was  swept 
around  each  stage  by  rotating  arms  and  was  dropped  downward  from 
stage  to  stage  during  a  period  of  1.5-2  hr.  Drying  was  carried  out  by  a 
blast  of  air  heated  by  steam,  until  the  granules  contained  6-8  per  cent 
moisture.  There  was  no  special  merit  in  having  this  quantity  of  moisture 
present.  It  was  specified  only  in  order  to  discourage  drying  at  too  high 
a  temperature,  which  rendered  the  catalyst  difficult  to  reduce  under  the 
standard  reduction  conditions.  Catalysts  containing  200  parts  of  kiesel- 
guhr  were  best  dried  at  about  120°C.  Preparations  containing  less 
kieselguhr  were  oxidized  more  easily.  This  effect  was  observed  par¬ 
ticularly  in  the  lOOCo:  15Mn:  12.5  kieselguhr  catalyst  (described  in  a 
later  section  in  this  chapter,  p  195),  but  it  should  be  noted  that  the 

manganese  may  have  catalyzed  the  oxidation  by  acting  as  an  oxygen 
carrier. 


Shaping  the  Catalyst 

From  the  final  stage  of  the  dryer,  the  rough  granules,  containing  6-8 
per  cent  moisture,  were  carried  by  a  conveyor  to  the  vibrating  screens 
/)  from  which  four  fractions  were  obtained:  granules  larger  than  3  mm 
1  3-mm  granules,  fines,  and  catalyst  dust.  The  dust  was  removed  in  an 
air  current  which  was  filtered  through  a  cloth  filter  (./)  and  then  scrubbed 

rpfnrnpH  \  .  \  caialyst  dust  thus  lecovered  was  not 

.etui  ned  to  the  masher  for  inclusion  in  the  final  catalyst.  This  material 

ivhich  represented  only  0. 1-0.2  per  cent  of  the  whole  was  sent  to  the 
catalyst-regeneration  plant  and  treated  as  spent  catalyst  The  fines 
from  the  screens  and  cloth  filters,  representing  about  30  per  cent  of  the 

:  f  - =s  ssci-i 
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sensitive  to  moisture.  The  fraction  consisting  of  particles  larger  than 
3  mm  passed  to  another  set  ol  screens  (L),  where  rotating  aims  forced 
the  granules  through  the  3-mm  screen.  Dust  and  fines  obtained  from 
this  screening  were  returned  to  the  masher.  The  1-3-mm  granules  were 
collected  from  both  screenings  and  bagged  for  transport  to  the  ad¬ 
jacent  reduction  plant  by  a  conveyor.  About  20  per  cent  of  this  fraction 
was  1-2-mm  granules  and  the  rest  2-3-mm  granules.  For  atmospheric- 
pressure  reactors,  either  size  or  a  mixture  of  the  two  could  be  used;  in 
the  medium-pressure,  double-tube  reactors,  a  mixture  was  undesirable 
because  the  particles  of  different  sizes  tended  to  become  segregated. 

The  bulk  density  of  the  granules  was  330  g  per  1.  On  a  laboratory 
scale,  the  bulk  density  was  always  10  per  cent  lower.  According  to 
Roelen,29  the  bulk  density  of  the  finished  granules  was  of  great  im¬ 
portance  for  satisfactory  reduction  of  the  catalyst.  Production  of  a  high 
bulk  density,  which  was  undesirable,  was  influenced  by  the  following 
factors:  (1)  increased  quantity  of  fines  incorporated  in  the  catalyst;  (2) 
nature  of  kieselguhr  (Table  21),  Gliihguhr  producing  a  denser  catalyst 
than  Rostguhr ;  (3)  long  and  rigorous  treatment  during  mixing  of  the 
precipitate  and  drying  of  the  filter  cake. 


Improvement  in  the  method  of  producing  granules  in  order  to  obtain 
harder,  but  not  denser,  particles  was  studied.29, 35,38  “Eirichkorn  cata¬ 
lyst,  consisting  of  little  balls  formed  by  simultaneous  drying  and  slow 
stirring,  vras  very  hard  but  too  dense  and  produced  a  large  quantity  of 
methane.  The  “Fadenkorn”  catalyst  was  prepared  by  extrusion  of  the 
moist  filter  cake  through  an  orifice.  Blocking  of  the  oiifice  by  sedimenta¬ 
tion  of  the  kieselguhr  was  prevented  by  an  oscillating  shutter,  moving 
sufficiently  slowly  to  avoid  breaking  up  the  original  gel  structure.  The 
catalyst  paste  was  fed  to  the  orifice  by  a  series  of  paddle  wheels,  and  the 
extruded  thread  was  dried  on  a  conveyor  belt  by  hot  air.  It  was  then 
passed  downward  in  a  vertical  cylinder  fitted  with  baffle  plates  and 
with  a  special  stirrer  which  threw  the  catalyst  against  the  walls  of  the 
cylinder.  By  this  procedure,  granules  with  rounded  ends  were  obtained 
and  only  10-15  per  cent  of  fines  was  produced.  Improved  gas  distribution 
in  the  reactor  and  easier  emptying  of  the  catalyst  chamber  were  obtaine* 
with  the  Fadenkorn  catalyst.  Roelen  thought  it  impracticable  to  make 
thread  finer  than  5-6  mm  satisfactorily  on  a  commercial  scale;  however, 
at  Wintershall,  the  Fadenkorn  catalyst  was  made  on  a  large  scale. 

The  “Schiffchen”  catalyst,  so  called  because  the  final  pieces  were 
shaped  like  small  boats,  was  the  most  satisfactory  form.  In  134/, 
Gehrke 41  reported  that  a  completely  new  system  was  installed  at 

«  H  Hoog,  Additional  Information  on  Various  Catalytic  P™  in  Western 
Germany  (British  Zone)-I,  B.I.O.S.  Misc.  Kept.  112  (1947),  PP  1-7,  35-7. 


Sterkrade  to  shape  the  catalyst  in  this  manner  in  full-scale  catalyst 
preparation.  On  a  pilot-plant  scale,  the  machine  consisted  of  a  drum 
2  m  in  length  and  1.5  in  diameter,  around  the  outside  of  which  was 
wound  alternately  serrated  and  unserrated  strips  ol  iron.  1  hus,  a  large 
number  of  cells  about  2  by  2.5  mm  in  size  were  formed.  Catalyst  paste 
was  squeezed  into  these  cells  at  the  lower  part  of  the  drum.  As  the  drum 
rotated  slowly  (0.1  rpm)  and  continuously,  catalyst  granules  were  car¬ 
ried  up,  dried  at  the  top  by  hot  air,  and,  having  contracted  slightly  (10 
per  cent)  during  drying,  were  blown  out  by  an  air  jet  and  collected  on  a 
continuously  moving  belt  which  followed  a  downward  spiral  through  a 
heated  space  in  which  they  were  dried  to  the  desired  degree.  The  ser¬ 
rated  strips  extended  all  the  way  around  the  drum,  whereas  the  un¬ 
serrated  ones  extended  only  around  the  lower  third  of  the  circumference 
and  did  not  rotate  with  the  drum.  As  a  result,  the  cells  containing  the 
catalyst  were  open  at  the  sides  during  the  drying  at  the  top  of  the  drum. 
Only  5-10  per  cent  of  fines  was  produced  by  this  procedure.  The 
Schiffchen  catalyst  was  hard,  probably  because  little  dust  was  incor¬ 
porated  in  the  catalyst  paste,  and  showed  only  G-8  per  cent  attrition 
during  preliminary  tests,  as  compared  with  12— 1G  per  cent  for  catalysts 
shaped  in  the  conventional  manner. 


Reworking  of  Spent  Catalyst 

At  each  Fischer-  Tropsch  plant  in  western  Germany,  spent  catalyst 
was  extracted  with  product  oil.  One-half  to  5  per  cent  paraffin  wax  and 
1-2  per  cent  of  carbon  remained  on  the  catalyst  mass,  which  was  re¬ 
turned  to  Sterkrade  for  reworking.  In  this  process  (Figure  7) ,37,40.41  the 
spent  catalyst  containing  principally  cobalt,  cobalt  oxide,  magnesium 
oxide,  thorium  oxide,  and  kieselguhr  was  treated  with  nitric  acid.  All 
the  constituents  were  dissolved  except  the  kieselguhr,  which  was  re¬ 
moved  by  filtration  and  discarded.  The  filtrate  (A)  containing  GO  g  Co 
per  1  was  partially  neutralized  with  sodium  carbonate  solution  to  a  pH 
ol  o.8.  An  iromthorium  sludge  (“Vorfallschlamm”  or  “Thor-Eisen- 
schlamm”)  was  precipitated,  which  contained  iron  and  thorium  in  the 
ratio  of  3:1,  m  parts  by  weight.  The  filtrate  (B)  obtained  by  removal 
o  le  iron-thorium  sludge  from  the  mixture  consisted  of  the  nitrates  of 
cobalt,  magnesium,  and  calcium.  Sodium  fluoride  equivalent  to  the 
Cd  uum  plus  40  per  cent  ot  the  magnesium  was  added  to  this  tiltrate. 

bv  filtrltTf  Tgnesmm  fluorid<*  ^us  precipitated  were  separated 
nesfum  Thi  r°7  nit‘'ate  S°'Uti°n  °f  C°balt  and  the  remaining  mag- 
ready  tor  tte  cT  alvT  e“°,Ugh  °°balt  (45  g  P“  »  s°  ‘hat  it  was 

y  preparation  plant;  magnesium  nitrate  was  added 
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lit 


to  increase  the  magnesium  concentration  to  a  value  equivalent  to  80  g 
MgO  per  1.  Precipitate  ( B ),  containing  the  iron-thorium  sludge,  was  dis¬ 
solved  in  sulfuric  acid.  Addition  of  potassium  chloride  precipitated  the 
double  salt,  thorium-potassium  sulfate,  which  was  separated  from  the 
iron  solution  by  filtration  and  then  dissolved  by  treatment  with  sodium 
carbonate  solution  (50  g  per  1).  The  thorium  solution  thus  obtained  was 
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Figure  3-7  Flow  scheme  for  recovery  of  cobalt  and  thorium  from  spent  catalyst 
at  Ruhrchemie  A.G.,  Sterkrade.  Reproduced  from  references  40  and  41. 

filtered  to  remove  the  iron  impurity.  Addition  of  a  controlled  quantity 
of  sulfuric  acid  to  the  filtrate  precipitated  thorium  bicarbonate,  whic  1 
was  dissolved  with  50  per  cent  nitric  acid.  The  solution  containing 
100  g  Th02  per  1,  was  then  ready  for  use  in  catalyst  PrcP“v 
ment  of  the  double  salt,  thorium-potassium  sulfate  at  90  C :  with  con 

centrated  sodium  carbonate  solution  (200  g  pel  )  un  i  le  V 

8  0  produced  a  precipitate  of  thorium  bicarbonate,  according  to  one 
Ruhrchemie  patent  application.-2  However, _ this  precipitate  piota  y 
contained  more  iron  impurity  than  the  thormm  obtamed 

hv  the  Dreceding  method.  Upon  being  interrogated  in  1947,  UelirKe 
stated  that  the  following  procedure  was  used  to  recover  the  orni 
from'the'tron-thorium  sludge:  The  “Sch.amm”  was  made  into  a  slurry 

ii  Ruhrchemie  A.G.,  Patent  Applic.  IU02.874  IV  b/12m  (9),  July  1,  1938;  F.I.A.T. 
Reel  Iv21,  Frames  806-7. 
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in  a  solution  of  sodium  carbonate,  and  carbon  dioxide  injected.  1  he 
thorium  dissolved  as  a  thorium-sodium  double  carbonate,  which  was 
filtered  to  remove  the  iron  impurity,  and  then  was  pumped  to  the 
catalyst-preparation  section  for  use  in  new  catalyst.  A  cobalt-magnesia 
solution  of  the  required  concentration  wras  added,  and  immediately 


afterwards  the  kieselguhr  was  introduced. 

The  Wintershall  catalyst  factory  used  essentially  the  same  method  as 
Ruhrchemie,29  but  at  the  Brabag  plant  the  following  procedure  was 
adopted.  The  used  catalyst  was  dissolved  in  nitric  acid,  and  the  kiesel¬ 
guhr  removed  by  filtration.  Iron  and  calcium  were  precipitated  from 
the  filtrate  and  separated  by  filtration.  The  cobalt  was  then  precipi¬ 
tated  by  sodium  carbonate  and  redissolved  in  nitric  acid.  Although  this 
method  required  twice  the  amount  of  nitric  acid  used  by  the  Ruhrchemie 
procedure,  the  Brabag  chemists  thought  that  their  method  of  precipitat¬ 
ing  and  redissolving  the  cobalt  wras  superior  in  that  organic  impurities 
were  removed.  A  comparative  test  made  at  Ruhrchemie  on  the  two 
methods  was  reported  to  have  given  inconclusive  results. 

At  the  small  Courriere-Kuhlmann  Fischer-Tropsch  plant  at  Harnes, 
France,  which  had  been  operated  since  June  1937, 43  spent  catalyst  was 
reworked  by  a  slightly  different  procedure.  The  catalyst  was  treated 
with  3-5  per  cent  nitric  acid.  All  the  constituents  were  dissolved  except 
kieselguhr,  which  was  removed  by  filtration  (A)  and  discarded.  The 
filtrate  (A)  was  neutralized  with  sodium  carbonate  to  a  pH  of  4.2.  This 


precipitated  thorium,  magnesium,  and  iron  carbonates,  which  were 
separated  from  the  solution  of  cobalt  nitrate  and  the  calcium  nitrate 
impurity  by  filtration  (B).  The  filtrate  (B)  was  treated  with  sodium 
fluoride,  precipitating  calcium  fluoride,  which  was  removed  from  the 
cobalt  nitrate  mother  liquor  by  filtration.  The  latter  was  then  ready 
lor  use  in  catalyst  preparation.  The  thorium,  magnesium  carbonate 
precipitate  (B)  was  dissolved  in  sulfuric  acid,  and  upon  the  addition  of  a 
conti  oiled  quantity  of  sodium  hydroxide,  magnesium  and  ferric  hydrox¬ 
ides  were  precipitated.  These  were  removed  by  filtration.  The  thorium 
solution  contained  a  double  salt,  thorium-sodium  sulfate,  which  upon 
heating  to  80°  C  was  hydrolyzed,  precipitating  thorium  hydroxide.  The 
thorium  salt,  after  washing,  was  dissolved  in  nitric  acid  and  the  solution 
sent  to  the  catalyst-preparation  plant. 

At  liuhrchemie,  a  method  of  preparing  catalysts  from  solutions  of 
sulfates  had  been  developed.**  These  catalysts  were  reported  to  be 
saUsfactory,  prov.ded  the  precipitate  was  washed  carefully  with  dilute 
'  The  method  was  not  used  Ruhrchemie  but  was  suggested  for 

43  C>  AlArich,  Natl.  Petroleum  News ,  37,  R922-4  (1945) 

Ruhrchemie,  Patent  Applic.  R104.999,  April  15,  1939. 
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firms  that  had  no  cheap  source  of  nitric  acid.  However,  U.  S.  Bureau  of 
Mines  tests  have  indicated  that  sulfates  are  not  suitable  as  raw  ma¬ 
terials  for  preparation  of  Fischer-Tropsch  catalysts. 

The  overall  yearly  consumption  of  cobalt  for  the  Fischer-Tropsch 
plants  in  Germany  was  between  85  and  95  tons.  Before  World  War  II, 
most  of  the  cobalt  was  imported  from  the  Belgian  Congo.  Early  in  the 
war,  this  supply  was  cut  off  and  Finland  became  the  only  supplier  of  the 
metal.  Losses  in  handling  in  the  synthesis  and  during  reworking  aver¬ 
aged  about  5  per  cent.  When  the  cobalt  supply  became  critical,  catalyst 
manufacturers  had  to  resort  to  the  recovery  of  cobalt  from  cobalt  car¬ 
bonate  obtained  as  secondary  product  from  other  plants.  The  average 
thoria  loss  was  about  16  per  cent. 


Reduction 

The  flow  scheme  for  large-scale  reduction  of  the  standard  cobalt 
catalyst  at  the  Ruhrchemie  Sterkrade  plant  is  shown  in  Figure  8.37'4" 


C02  removol  cooler 

C02  +4H2-*CH4+2H20 

Figure  3-8.  Flow  scheme  for  commercial-scale  cobalt-catalyst  reduction  at  Ruhr¬ 
chemie  A.G.,  Sterkrade.  Reproduced  from  reference  40. 


Reduction  conditions  were  kept  constant  by  fixing  the  cobalt  content  or 
cobalt  density,  during  preparation  at  a  constant  value  of  8  g  pei  o 
unreduced  catalyst.  The  reduction  vessel,  of  which  there  were  six  a 
Sterkrade,  comprised  a  central  compartment  of  square  cross  section 
containing  the  catalyst  in  a  bed  30-35  cm  deep  and  2.1  sq  m in .area,  w.th 
top  and  bottom  fittings  in  the  form  of  truncated  pyramids  (Figu  ). 


Reduction  *  ** 

sheet-iron  grill  of  15-cm  cubes  for  the  purpose  of  breaking  up  the  gas 
stream  entering  the  reduction  vessel  was  placed  on  top  ol  the  bed, 
sinking  into  it  to  a  depth  ol  about  10  cm.  Each  reduction  \essel  con¬ 
tained  about  700  1  of  catalyst. 

During  reduction,  a  rapid  stream  ol  dry  hydrogen,  containing  25  per 
cent  nitrogen  (synthesis  gas  from  the  ammonia  plant)  and  preheated  to 


Figure  3-9.  Cobalt-catalyst  reduction  vessel  at  Ruhrchemie,  Sterkrade. 


460  ^  'n  a  tubular  heater  fired  with  coke-oven  gas,  was  passed  through 
the  reduction  vessel  at  an  inlet  temperature  of  430°C.  The  outlet  tem¬ 
perature  was  300° C,  and  the  bed  temperature  probably  400° C.  The 
space  velocity  measured  in  volumes  per  volume  of  catalyst  per  hour  was 
10,000;  measured  in  liters  per  gram  of  cobalt  per  hour,  it  was  125  The 
period  of  reduction  was  about  50  min.  Carbon  dioxide  present  in  the 
e  uent  gas  (about  2  g  per  cu  m)  was  converted  to  methane  at  300° C  bv 
passage  through  a  bed  of  synthesis  catalyst  contained  in  another  reduc- 
ion  vessel  The  gas  was  then  cooled,  dried  by  refrigeration,  and  passed 

TheTlS„“Cafg  H  ‘  WaS  "  t0  thC  Preheater  for  circulation. 

wCtrsr. ^ a  - . *  - 

»  Msaa jsr.r »:  s u  *  * 
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After  reduction,  the  catalyst  was  cooled  to  room  temperature  by 


Figure  3-10.  Kiibel  for  transportation 
of  reduced  cobalt  catalyst  to  synthesis 
plant. 


purg¬ 
ing  the  vessel  with  nitrogen,  which 
was  displaced  by  carbon  dioxide 
either  at  room  temperature  or  be¬ 
low.  The  contents  of  the  reduction 
vessel  were  discharged  into  a  Kiibel 
for  transport  to  the  synthesis  plant. 
The  reduction  vessels  were  so  bal¬ 
anced  that,  after  removal  of  the 
top  cover  plate,  they  could  be  in¬ 
verted  by  a  hand-operated  me¬ 
chanism.  The  capacity  of  one 
Kiibel  (Figure  10)  was  about  3 
metric  tons  of  catalyst. 

Slight  variations  from  this  re¬ 
duction  procedure  occurred  in  the 
other  two  catalyst-manufacturing 
plants.29  At  Brabag,  90  per  cent 
hydrogen  was  used ;  hence,  the  tem¬ 
perature  was  lower  (3G0°-370°C) 
than  at  Ruhrchemie.  After  reduc¬ 
tion,  the  Wintershall  plant  lowered 
the  hot  catalyst  into  a  box  cooled 
externally  by  circulating  cold 
water  and  cooled  it  in  this  manner 
while  maintaining  a  slow  circula¬ 
tion  of  nitrogen  over  the  catalyst. 


Laboratory  Tests 

Samples  of  each  large-scale  batch  of  catalyst  from  the  manufacturing 
plant  and  from  the  reduction  plant  were  tested  lor  activity.-9-35  The 
sample  from  the  manufacturing  plant  was  reduced  in  a  separate  ap- 
paratus  for  2  hr  at  450°C  with  75H2:25N2  at  a  flow  rate  of  75  I  per  g  Co 
uer  hr  or  at  400°C  with  relatively  pure  hydrogen.  In  the  laboratoiy  at 
Ruhrchemie,  Sterkrade,  there  were  about  100  small  catalyst-testing 
units  with  aluminum-block  furnaces,  which  were  similar  to  those  used 
by  Fischer  at  the  Kaiser  Wilhelm  Institut  fur  Kohlenforschung.  he 
aluminum-block  furnace  was  heated  electrically  or  by  gas  to  18o  C  and 
controlled  at  this  temperature  by  a  regulator.  Eight  samples  cou  t 
tested  simultaneously  in  the  furnace.  The  reduced  catalyst  was ^tested 
with  synthesis  gas  (2H2  +  ICO  mixture  containing  18  20  pel 
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Table  9.  Test  Data  for  a  Sample  of  Commercial  Cobalt  Catalyst 

(Atmospheric-pressure  test  at  185-186°C;  synthesis  gas  2H2  +  ICO  containing 
18-20  per  cent  inerts;  flow  rate  1  1  per  g  Co  per  hr.) 

C5  +  Hydrocarbon  Product, 
cc  per  cu  m  0 


Cumulative 

Liquid 
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01 

03 

1.185 

1,233 

03 

01 

03 

00 

117 

1,287 

1,329 

01 

00 

00 

57 

100 

1.370 

1,425 

03 

00 

58 

52 

108 

1,409 

1,517 

1,505 

1 ,013 

57 

54 

59 

50 

58 

49 

49 

47 

94 

88 

h 


Per  cubic  meter  of  synthesis  gas 

‘  Li<,U‘"  a'  r°°m  ^S^1U„SgC‘  +  fr0m  trap  recovered  by 


at  luuni  temperature  plus  C 
steaming  at  150°C  and  15-20  mm  Hg. 
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iii(  its)  in  a  12-mm-I.D.  glass  tube  in  a  bed  length  of  about  30  mm,  cor¬ 
responding  to  a  weight  of  cobalt  of  about  4  g.  An  active  catalyst  at 
first  produced  chiefly  methane  and  a  gas  contraction  of  55-60  per  cent; 
alter  about  24  hr,  production  of  liquid  hydrocarbons  began  and  contrac¬ 
tion  rose  to  70-75  per  cent.  The  tests  were  carried  out  usually  for  500 
hr.  At  this  point  ,  the  contraction  was  65  per  cent.  The  average  yield  for 


Figure  3-11.  Cobalt-catalyst  contraction  curve  for  test  run  at  atmospheric  pressure 
at  Ruhrchemie,  Sterkrade.  Reproduced  from  reference  46. 


the  whole  period  was  90  g  C5+  per  cu  m  of  synthesis  gas.  At  a  later 
period,  fewer  tests  were  made  but  they  extended  for  3  months.  Table  9 
shows  typical  laboratory  test  data,  and  Figure  11  the  contraction  versus 
time  curve  for  a  sample  of  commercial  cobalt  catalyst.4b 

Table  10  contains  the  results  of  laboratory  tests  of  the  standard  com¬ 
mercial  catalyst  at  1  and  7  atm.  The  product  distribution  and  properties 
of  the  various  fractions  are  shown.  These  data  were  obtained  from  the 
Ruhrchemie  files  47  and  reproduced  by  Pichler  32  with  minor  changes. 


46  \v  F  Faragher  et  al.,  Supplemental  Report  on  Ruhrchemie  A.G.,  Sterkrade- 
Holten  (Oberhausen-Holten)  Ruhr,  PB  1,366;  C.I.O.S.  Rept.  XXXII-96,  Item  30 
(1946),  92  pp. 

47  T.O.M.  Reel  33,  Bag  3,440,  Target  30/5.01,  Items  23  and  24. 


Table  10.  Product  from  100Co:5Th02:7.5MgO:200  Kieselguhr  Catalyst  at  175°-200°C  and  at  (a)  Atmospheric, 

(b)  7  Atm  Pressure  of  2H2  +  ICO  Gas,  18-20  Per  Cent  Inerts 
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Cetane 

No. 

-o 

:  ;  i  ;  S  ©  • 

•  •  •  *“H  •  • 
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Cooperative 
Fuel  Research 
Committee 
Octane  No. 

•o 
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25 
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•  io  -r  ■  ■  ■  ■ 
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Point, 

°C 

•  •  •  C-  <N 

1  1 

© 

-18 
-  9 

Olefins, 
volume 
per  cent 

-O 

30 

20 

18 

10 

8 

© 

50 

37 

34 

15 

13 

{:: 

Density, 

150°C 
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0.689 

0.760 

0. 766 

0.900 

© 

0.689 
0.693 
0.760 
0.766 
f  0.900  ) 

1  0.930  | 
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Plus  Solids 
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40 
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35 

25-30  " 

e 
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•  “3  B  M  N 
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51 

51 
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(see  Table  34). 
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Cobalt  and  Nickel  Catalyst  Studies 


REPRODUCIBILITY  OF  CATALYST  PREPARATIONS 

AND  TESTS 

The  various  preparations  of  Co-Th02-MgO-kieselguhr  catalyst  No. 
89  studied  in  the  Bureau  of  Mines  research  and  development  laboratory 
of  the  Office  of  Synthetic  Liquid  Fuels,  U.  S.  Department  of  the  Interior, 
were  made  in  the  same  way.20-48  The  quantities  of  starting  materials 
were  calculated  to  produce  a  catalyst  of  composition  100Co:6ThO2: 
12MgO:200  kieselguhr.  A  solution  of  chemically  pure  cobalt  and 
thorium  nitrates  of  about  0.68  molarity  of  cobalt  nitrate  was  heated  to 
boiling.  A  boiling  slurry  containing  kieselguhr  and  finely  divided  chem¬ 
ically  pure  magnesia  and  a  boiling  solution  of  sodium  carbonate  were 
added  simultaneously  to  the  solution  of  the  nitrates.  The  solution  was 
efficiently  stirred  and  the  precipitation  completed  as  rapidly  as  possible. 
The  precipitate  settled  rapidly.  It  was  filtered  and  quickly  washed  free 
of  byproduct  electrolytes  with  boiling  distilled  water.  The  moist  filter 
cake  was  spread  on  glass  plates  and  dried  in  air  at  about  100° C.  For 
granular  catalysts,  the  dried  cake  was  broken  into  pieces  of  6-10  mesh 
size.  Pelleted  catalysts  were  compressed  from  finely  broken  filter  cake 
in  a  pelleting  machine  and  contained  4  per  cent  by  weight  of  finely  di¬ 
vided  graphite  added  as  a  die  lubricant.  The  pellets  were  cylinders  ap¬ 
proximately  3.2  mm  in  diameter  and  1.6  mm  in  length. 

The  percentage  of  cobalt  in  some  of  the  preparations  was  fairly  con¬ 
stant,  as  follows:  89K  24.6,  890  24.3,  89Q  23.8.  The  magnesia  content 
varied  because  of  the  high  solubility  of  magnesium  oxide  and  carbonate. 
Some  values  of  thoria  and  magnesia,  expressed  as  per  cent  by  weight  of 
cobalt,  were  obtained  by  chemical  analysis  and  are  shown  in  Table  ll.48 


Table  11. 


Thoria  and  Magnesia  Content  of  Co-Th02-MgO-KiESELGUHR 
Catalysts  (U.  S.  Bureau  of1  Mines) 


Per  cent  by  weight  of  Co 


Catalyst 

No. 

89 1 1 
89V 
89  Z 
89BB 
89EE 
1 12A 


Th02 

MgO 

7.6 

11.4 

8.3 

10.3 

7.0 

8.5 

6.3 

12.1 

6.1 

12.5 

6.2 

8.1 

48  R.  B.  Anderson,  A.  Krieg,  B.  Seligman,  and  W. 


E.  O’Neill,  Ind.  Eng.  Chew.,  39, 


1,548-54  (1947). 
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(  atalyst  1 12A  was  similar  to  the  89  type,  except  that  the  magnesia  was 
precipitated  from  magnesium  nitrate  before  being  added  to  the  cobalt- 
thorium  nitrates. 

Tests  of  the  same  preparation  of  a  catalyst  were  reproducible,  but 
tests  of  similar  preparations  showed  considerably  wider  variations  in 
activity  and  product  distribution.  The  widest  variations  within  a  test 


were  tound  in  the  data  for  liquid  hydrocarbons  because  of  the  difficulty 
of  recovering  small  quantities  of  liquids  (70-80  cc)  from  two  metal  traps 
and  the  charcoal  scrubber.  The  reactor  and  auxiliary  apparatus  used 
for  catalyst  testing  at  the  U.  S.  Bureau  of  Mines  from  1942  on  are  shown 
in  Figures  12,  13,  and  14,  and  photographs  of  the  laboratory  are  shown 
in  Figures  15  and  16.48-50  The  reactor  consisted  of  standard  iron  pipe  of 
1.52-cm  FD.  welded  into  a  jacket  of  6.35-cm  standard  pipe,  the  total 
converter  length  being  about  50  cm.  In  the  inner  tube,  containing  a 
steel  thermocouple  well  of  0.65-cm  O.D.,  was  a  30-cm  catalyst  bed.  The 
annular  space  held  about  50  cc  of  catalyst  supported  about  6  in.  from  the 
bottom  of  the  converter  by  a  wire  screen.  The  catalyst  tube  was  heated 
externally  by  a  fluid  such  as  tetralin  for  temperatures  from  150°  to 
210°C  and  Dowtherm  A  from  200°  to  400°  C,  boiling  under  constant 
pressure  and  thus  maintaining  constant  temperature  in  the  catalyst. 
The  liquid-vapor  bath  was  heated  electrically  by  a  resistance  winding  on 
the  outside  of  the  6.35-cm  jacket.  Temperatures  were  measured  by  a 
chromel-alumel  thermocouple  placed  within  the  well  at  the  midpoint  of 
the  length  of  the  catalyst  bed  and  were  recorded  by  multiple-point  po¬ 
tentiometers.  The  temperature  as  recorded  at  the  midpoint  was  usually 
the  maximum  temperature  measured  along  the  thermocouple  well.  The 
auxiliary  apparatus  consisted  chiefly  of  traps  for  collecting  products  and 
meters  for  measuring  feed  and  exit  gases  and  for  regulating  the  flow  ol 
gases.  Synthesis  gas  was  scrubbed  through  a  charcoal  trap  and  passed 

downward  through  the  catalyst  bed. 

Heavy  oil,  Avax,  and  water  in  the  gas-liquid  mixture  issuing  from  the 
bottom  of  the  converter  dropped  into  an  air-cooled  wax  trap  just  below 
the  converter.  The  vapors,  after  passage  through  air-cooled  and  ice- 
cooled  traps,  were  led  through  a  column  of  about  500  cc  of  active  char¬ 
coal  contained  in  a  brass  vessel  (46  cm  in  length  by  5  cm  in  diameter) 
and  cooled  to  0°C.  The  flow  sheet,  Figure  13,  indicates  the  presence  of 
two  charcoal  traps  in  the  system ;  usually  one  was  in  use  collecting  prod¬ 
ucts,  while  the  other  was  being  emptied  of  products.  When  iron  cata- 


49 


H.  H.  Storch,  R.  B.  Anderson,  I,  J.  E.  Hofer,  C.  O.  Hawk,  H.  C.  Anderson,  and 

N.  Golumbic,  U.  S.  Bur.  Mines  Tech.  Paper  709  (1948),  pp  73  88. 

so  Annual  Report  of  the  Secretary  of  the  Interior  on  the  Synthetic  Liquid  Fuels  Ac  , 

year  ended  Dec.  31,  1947,  pp  82  ff. 
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lysts  were  tested,  carbon  dioxide  was  removed  before  the  gas  entered  the 
charcoal  adsorber.  The  continuously  collected  sample  of  the  exit  gases 
from  the  charcoal  adsorber  and  a  sample  of  vapors  periodically  recovered 
horn  the  charcoal  by  steaming  were  analyzed  in  a  mass  spectrometer. 


Figure  3-15.  U.  S.  Bureau  of  Mines  Fischer-Tropsch  catalyst-testing  units  ( front 

view).  Reproduced  from  reference  50. 


The  liquid  product  recovered  from  the  steaming  of  the  charcoal  was  col¬ 
lected  and  weighed;  this  liquid  product  probably  contained  a  very  small 
quantity  of  dissolved  C2— C4  hydrocarbons. 

Synthesis  gas  was  manufactured  by  passing  natural  gas,  steam,  and 
carbon  dioxide  in  suitable  proportions  over  a  nickel  catalyst  at  1,0()0°C. 
For  cobalt  catalysts,  2H2  +  ICO  gas  mixture  was  prepared,  and  for  iron 
catalysts,  1H2  +  ICO.  The  synthesis  gas  contained  approximately  0.5 
per  cent  of  inerts.  The  sulfur  content  of  this  gas  was  less  than  0.5  grain 

per  1,000  cu  ft. 

At,  the  U.  S.  Bureau  of  Mines,  Co-Th02-MgO-kieselguhr  catalysts 
were  reduced  in  the  reactor  by  heating  to  400°C  in  nitrogen  and  then  for 
2  hr  at  400°C  in  dry  hydrogen  flowing  at  a  space  velocity  of  3,000.  1  he 

yields  from  the  89-type  catalysts  varied  from  50  to  100  g  C5+  hydro- 
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carbons  per  cu  m  synthesis  gas  charged,  and  the  space-time-yields  were 
in  the  range  5-12  kg  per  cu  m  catalyst  space  per  hr.  Some  typical  data 
are  summarized  in  Table  12.  The  specific  yields  were  obtained  at  a  fixed 
contraction  of  70  per  cent  ;  they  would  be  about  50  per  cent  greater  in  a 


Figure  3-16.  U.  S.  Bureau  of  Mines  Fischer-Tropsch  catalyst-testing  units  (rear 

view).  Reproduced  from  reference  50. 


multistage  process.  Catalyst  112A  was  somewhat  less  active  than  the 
good  89  catalysts  and  operated  at  a  high  average  temperature  of  195°C. 

1  he  data  summarized  in  table  12  were  used  to  determine  the  re¬ 
producibility  of  the  Co-Th02-MgO-kieselguhr  catalysts  during  activity 
tests  under  similar  conditions.  In  columns  2  and  3  are  summarized  data 
for  two  tests  of  granular  catalyst  89K.  The  data  of  Table  12  were  com¬ 
pared,  using  a  statistical  method  developed  by  Student.51  With  this 
method  the  probability  that  two  groups  of  data  may  be  samples  of  the 
same  “parent  group”  is  estimated.  The  probability  of  finding  differences 
o  means  greater  than  observed,  on  the  basis  of  two  samples  taken  from 
the  same  parent  group,  was  computed.  If  this  probability  was  less  than 


61  Student,  Biometrika,  6,  1,  1908;  Yule  and  Kendall 
Statistics,  Charles  Griffin  &  Co.,  London,  1937,  p  442. 


,  Introduction 


to  the  Theory  of 
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8  per  cent,  the  samples  were  probably  from  different  parent  groups,  and 
the  difference  was  probably  significant.  For  probabilities  from  8  to  25 
per  cent  the  differences  were  regarded  as  possibly  significant,  and  for 
probabilities  greater  than  25  per  cent,  differences  were  considered  not 

Table  12.  Tests  of  Co-Th02-MgO-KiESELGUHR  Catalysts  at  Atmospheric 
Pressure  of  2H2  +  ICO  (U.  S.  Bureau  of  Mines) 


1 

2 

3 

4 

5 

6 

7 

8 

9 

Catalyst a 

89  K — G  h 

89  K — G 

89K — P 

89Q — P 

890— P 

1 12A — P6 

89J — P 

89J — G 

Kieselguhr  e 

A 

A 

A 

A 

B-A 

B 

B 

B 

Total  time,  hr 

1,045 

1,040 

1,070 

1,100 

1,060 

1,120 

1,075 

545 

Space  velocity  d 

100 

100 

100 

100 

95 

100 

110 

100 

Average  temperature,  °C 

186 

188 

176 

182 

181 

195 

186 

194 

Contraction,  per  cent  e 

74 

74 

73 

69 

70 

70 

72 

63 

Products,  g  per  cu  m  feed  gas 

ch4 

17.1 

17.6 

21.6 

17.1 

16.9 

19.1 

21.3 

15.2 

C1-C4 

33.4 

30.2 

37.0 

31.9 

29.0 

40.0 

33.9 

27.7 

Average  liquids 

97.0 

89.5 

90.8 

91.8 

95.9 

85.8 

102.2 

85.4 

Maximum  liquids 

115.1 

105.0 

102.4 

102.7 

109.8 

92.4 

118.4 

95.0 

H.O 

177.1 

177.4 

180.7 

174.4 

175.4 

179.0 

190.9 

149.9 

Liquids,  weight  per  cent  of 
total  hydrocarbons 

73.9 

74.8 

71.0 

74.2 

76.8 

68.2 

75.0 

75.5 

Space-time-yield  g 

9.7 

8.9 

9. 1 

9.2 

9.2 

8.6 

11.5 

8.3 

a  P  =  pellets;  G  =  granules. 

h  Catalyst  was  inducted  by  temperature  schedule.  Synthesis  gas  was  introduced  at  150°C  and  the  temperature 
increased  to  175°C  within  an  hour.  After  48  hr,  the  temperature  was  increased  to  180°C  and  after  24  additional  hr 
to  the  temperature  necessary  to  maintain  70-75  per  cent  contraction.  All  other  catalysts  were  inducted  by  contraction 
schedule— introducing  synthesis  gas  at  150°C  and  increasing  temperature  after  30  min  to  produce  a  contraction  of 
45-50  per  cent,  175°C  being  the  upper  limit.  After  48  hr,  upper  limit  on  the  temperature  was  that  required  to  produce 
a  contraction  of  45-50  per  cent,  or  180°C,  and  after  24  additional  hr,  the  temperature  was  increased  to  give  70-75  per 
cent  contraction.  Tests  showed  that  induction  conditions  had  no  significant  effect  upon  catalyst  activity. 
c  A  =  Portuguese;  B  =  Filter-Cel;  B— A  =  Filter-Cel  acid-extracted. 
d  Volume  of  gas  (STP)  per  volume  of  catalyst  per  hour. 

«  Per  cent  contraction  =  100  (1  -  flow  out  per  flow  in). 

/  Includes  small  amounts  of  dissolved  wax  and  C5  +  hydrocarbons  in  gas  from  charcoal  distillation. 

«  Kilograms  of  liquid  hydrocarbons  per  cubic  meter  of  catalyst  per  hour. 


significant.  Although  slightly  different  induction  procedures  were  used 
in  these  two  tests,  the  differences  between  them  were  probably  not 

significant,  as  shown  in  Table  13,  rows  1  and  2. 

Pelleted  catalysts  89Iv  and  89Q  were  prepared  in  an  identical  manner 
upon  the  same  kieselguhr.  In  the  tests  of  these  catalysts  (columns  4  and 
5  of  Table  12),  the  means  of  the  data  showed  greater  differences  than 
those  of  the  tests  of  granular  catalyst  89K.  The  statistical  test  (4  a  >  e 
13  rows  3  and  4)  showed  significant  differences  in  temperatures  and 
amounts  of  carbon  dioxide,  methane,  and  CVC4  hydrocarbons.  I  art 
of  these  differences  may  be  attributed  to  the  higher  density  oi  catalyst 
89 K  Pelleted  catalysts  89K  and  890  (columns  4  and  b  ol  lable  U) 
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Effect  of  Shape  of  Catalyst 

were  precipitated  in  an  identical  manner  upon  similar  kieselguhrs.  The 
statistical  comparison  of  these  catalysts,  shown  in  rows  5  and  G  of  Table 
13,  indicated  significant  differences  in  temperatures  and  amounts  of 
carbon  dioxide,  methane,  and  Ci— C4  hydrocarbons.  Comparison  of 

Table  13.  Statistical  Comparison  of  Catalyst-Testino  Data  by 

Method  of  Student 


(Averages  of  about  1,100  hr  of  operation.) 


Dura- 

Cata- 

Weight 

of 

Con- 

trac- 

Temper- 

Grams  per  Cubic  Meter 

Liquid 

tion  of 
Test, 
hr 

lyst 
and 
Form  “ 

Cata¬ 

lyst, 

g 

tion, 
per 
cent  b 

ature, 

°C 

C()2 

n2o 

ch4 

C1-C4 

Hydro¬ 

carbons 

1  .045 

1 ,040 

89  K — G 
89  K — G 

16.9 

16.0 

74.4 

73.5 

186.0 c 
187.9 c 

8.3 

8.0 

177.1 

177 . 4 

17.1 

17.6 

33.4 

30.2 

97. 0C 
89.5  e 

1 .070 
1,100 

89  K — P 
89Q — P 

38.8 

34.2 

72.7 

68.8 

176.1  d 
182.0  d 

12.7  d 
6.1  d 

180.7  c 
174.4  c 

21. 6C 
17.1  c 

37. 0e 
31. 9C 

90.8 

91.8 

1 ,070 

1 .060 

89  K — P 
890— P 

38.8 

28.5 

72.7 

69.6 

176.1  d 
181.0  d 

12.7  d 
5.6  d 

180.7 

175.4 

21.6  c 
16. 9C 

37.0  d 
29.0  d 

90.8 

95.9 

1,040 

1  .070 

89  K — G 
89  K — P 

16.0 

38.8 

73.5 

72.7 

187.9  d 
176.1  d 

8.0  d 
12.7  d 

177.4 

180.7 

17. 6C 
21.6  c 

30.2  d 
37.0  d 

89.5 

90.8 

545 

1.075 

89J — G 
89J — P 

11.0 

30.5 

63.0 

72.0 

194.0  d 
186.0  d 

4.4  d 
8.0  d 

149.9 

190.9 

15.2  d 

21.3  d 

27.7  c 
33. 9C 

85.4 

102.2 

“  G  =  granules;  P  =  pellets. 

h  Per  cent  contraction  =  100  (1  -  flow  out  per  flow  in). 
c  Difference  possibly  significant. 
d  Difference  probably  significant. 


pelleted  catalyst  1 12A  with  pelleted  89K  and  89J  (columns  4,  7,  and  8  of 
Table  12)  showed  that  112A  was  operated  at  a  significantly  high  tem¬ 
perature  of  19o°C.  All  three  catalysts  were  precipitated  upon  similar 
kieselguhrs,  but  differed  with  respect  to  the  source  of  magnesium  used 
m  preparation.  1  inely  divided  MgO  was  used  in  89K  and  89J ;  in  1 12A, 
the  magnesia  was  precipitated  from  magnesium  nitrate  before  being 
added  to  the  cobalt-thorium  nitrates. 


EFFECT  OF  SFIAPE  OF  CATALYST 

torvhfofuiltrent  '’V''6  Fi5Cher'Tr0pSch  from  the  labora- 

ton  lull-scale  operation  gave  rise  to  an  important  problem  which  was 

concerned  with  the  shape  in  which  the  catalyst  was  prepared  to  prevent 

“  from  disintegrating  in  the  converter. 
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methods  of  producing  granules  suitable  for  commercial-size  converters 
were  mentioned  previously  in  this  chapter.  IT.  S.  Bureau  of  Mines 
laboratory  studies  of  the  effect  of  the  shape  of  the  cobalt  catalyst  upon 
its  activity  are  discussed  below. 

In  the  statistical  comparison  of  atmospheric-pressure  tests  with 
granules  (6-10  mesh)  and  pellets  (3.2-  by  1.6-mm  cylinders)  of  catalysts 
89K  and  89J,  respectively,  significant  differences  were  found  in  temper¬ 
ature  (Figure  17),  carbon  dioxide,  methane,  and  C1-C4  hydrocarbons 


Figure  3-17.  Relative  activities  of  pellets  (about  0.8  bulk  density)  anti  granules 
(about  0.3  bulk  density).  Reproduced  from  reference  49. 


(rows  7-8  and  9-10  of  Table  13).  The  greater  amounts  of  carbon  dioxide 
and  light  hydrocarbons  produced  by  the  pelleted  catalysts  resulted  from 
the  higher  density  of  the  pellets  and  not  from  differences  in  temperature, 
since  at  the  lower  temperatures  at  which  the  pellets  were  operated, 
smaller  quantities  of  these  products  could  be  expected  The  tempera¬ 
ture  difference  was  due  to  the  greater  weight  of  the  pelleted  catalysts, 
and  it  disappeared  when  the  granular  and  pelleted  forms  were  compaiei 

at  equal  flow  of  synthesis  gas  per  gram  of  catalyst  (Figure  ). 

space-time-yields  (kilograms  per  cubic  meter  of  catalyst  per  hour)  were 
not  significantly  different  for  the  two  forms,  as  shown  ,n  Fig.ue  U. 
Pellets  of  two  different  sizes,  3.2  mm  by  3.2  mm  and  3.2  mm  by  0.4  mm, 
of  100Co:18ThO2: 100  kieselguhr  catalyst  I0SB,  when  tes  ec  a  < .  •  > 

showed  significant  differences  in  activity.  The  data  in  1  able  14  show  that 
the  larger,  more  dense  pellets  produced  a  larger  fraction  of  gaseous  hy- 


Effect  of  Shape  of  Catalyst 


101 


Figure  3  18.  Variation  of  temperature  with  flow  of  2H2  4-  ICO,  at  constant  con* 
traction.  Reproduced  from  reference  49. 


drocarbons  and  less  oil  than  the  smaller  pellets.62  The  larger  pellets  were 
operated  at  a  higher  temperature,  even  though  a  greater  weight  of  cata¬ 
lyst  was  used,  probably  because  their  surface  was  less  accessible  than  that 
of  the  smaller  pellets. 

It  was  observed  53  that,  when  granules  were  pelleted,  the  surface  area 
was  decreased  by  10-20  per  cent.  For  example,  when  3.2-mm-length 


Table  14.  Effect  of  Size  and  Density  of  Pellets  of  Co-TIiCVKieselguhr 
(  atalyst  108B  in  Medium-Pressure  Synthesis  a 


Size  of 
Pellets, 
mm 

Mer¬ 

cury 

Den¬ 

sity,6 

g 

per 

cc 

% 

Cata¬ 

lyst 

Charge, 

g 

Av 

Tem¬ 

pera¬ 

ture 

of 

Test, 

°C 

Con¬ 

trac¬ 

tion, 

per 

cent 

Hydrocarbons, 
g  per  cu  m  c 

Distribution 
of  Products, 
weight 
per  cent 

Length 

Diame¬ 

ter 

ch4 

C1-C4 

C6  + 

ch4 

Cg-b 

3.2 

6.4 

3.2 

3.2 

1.13 

1 .51 

36.8 

44.9 

187 

191 

71.6 

71.4 

24.9 

33.6 

43.8 

56.5 

81.5 

73 .  »i 

19.9 

25.8 

65.1 

56.6 

Tests  at  space  velocity  of  100  Metlmrlo  j  .. 

Densities  determined  with  mercury  at  atmospheric  p^re"  ^  ^ 

Grams  per  cubic  meter  of  synthesis  gas.  P  ’ 

lie. 

183-8  (1949)nderS°n’  K'  Hal1’  A'  Kneg’  and  B>  SeliKman,  J.  Am.  Chem.  Soc.,  71, 
(1947).  eiS°n’  K'  Hal1,  H'  Hewlett»  and  B-  Seligman,  ibid.,  69,  3,114-9 


162 


Development  of  Fischer-Tropsch  Catalysts 

by  3 . 2-mm-diameter  pellets  were  made,  the  area  of  Co-Th02-kieselguhr 
catalyst  108B  decreased  from  84.1  to  71.6  sq  m  per  g.  When  these 
pellets  were  broken  into  small  pieces  and  then  repelleted  into  dense  cyl¬ 
inders  6.4  mm  in  length  by  3.2  mm  in  diameter,  the  area  was  decreased 
further  to  66.5  sq  m  per  g.  This  decrease  in  area  may  have  resulted  from 
several  causes.  First,  the  graphite  used  as  a  die  lubricant  formed  highly 
polished  external  surfaces  on  the  pellets  and  may  have  blocked  the 
entrance  to  closed-end  pores.  To  test  this,  3.2-mm-length  by  3. 2-mm- 
diameter  pellets  of  catalyst  108B  were  made  without  graphite.  The 
resistance  of  this  material  to  pelleting  was  sufficient  to  stop  the  motor 
of  the  pelleting  machine  and  necessitated  operation  by  hand.  The  pel¬ 
lets  made  in  this  manner  were  soft  and  poorly  formed.  Their  area  was 
77.2  sq  m  per  g,  which  was  greater  than  that  of  pellets  containing 
graphite;  however,  the  greater  area  may  have  been  due  to  the  fact  that 
these  pellets  were  poorly  formed  and  not  compressed  as  much  as  those 
containing  graphite.  The  second  and  more  plausible  explanation  is  that 
some  of  the  particles  of  the  cobalt  basic  carbonate-promoter  complex  were 
pressed  together  so  closely  that  nitrogen  molecules  used  in  the  determina¬ 
tion  of  surface  area  could  not  penetrate  the  spaces  between  them.  In 
pelleting,  considerable  deformation  of  the  catalyst  occurred,  since  the 
volume  occupied  by  a  pelleted  catalyst  was  one-half  to  one-third  of  the 
bulk  volume  of  the  kieselguhr  it  contained.  This  indicates  that  the  pore 
volume  (volume  of  pores  with  openings  smaller  than  5  microns  in  di¬ 
ameter)  and  void  space  (volume  of  pores  with  openings  larger  than  5 
microns  in  diameter)  of  the  kieselguhr  were  decreased.  Possibly,  the 
cobalt-promoter  complex,  which  was  present  in  the  void-space  volume 
of  the  kieselguhr  in  the  granules,  was  forced  into  the  pore  volume  of  the 
kieselguhr  during  pelleting.  After  reduction,  granular  catalyst  89k  had 
the  same  area  as  reduced  pelleted  catalyst  89K.54  This  is  consistent  with 
the  second  hypothesis,  since  reduction  would  cause  enlaigement  ol  poies 
so  that  all  the  surface  would  be  accessible  to  nitrogen  molecules.  A  de¬ 
tailed  discussion  of  the  properties  and  function  of  the  kieselguhr  will  be 
found  in  the  following  section. 


THE  CARRIER  (KIESELGUHR)  STUDIES 

The  carrier  is  important  if  the  reaction  is  highly  exothermic,  as  in  the 
Fischer-Tropsch  synthesis.  The  heat  produced  by  a  dense,  unsupported 
catalyst  may  exceed  the  capacity  of  the  reactor  to  remove  the  heat  of 
reaction,  and  the  catalyst  may  be  quickly  destroyed  1  his  was  possi b  y 
the  reason  for  the  great  improvement  in  the  life  of  cobalt  and  me  kc 
Fischer-Tropsch  catalysts  when  kieselguhr  was  introduced  into  the  cata- 

54  R  B.  Anderson,  W.  K.  Hall,  and  L.  J.  E.  Hofer,  ibid.,  70,  2,465-72  (1948). 
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lyst.  The  part  played  by  kieselguhr  was  believed  to  consist  principally 
in  establishing  and  maintaining  the  porosity  ol  the  individual  granules. 
The  following  discussion  shows  that  the  nature  of  the  kieselguhr  in¬ 
fluences  the  yields  and  life  of  the  catalyst.  However,  the  distribution  of 
products  appears  to  be  independent  of  the  type  of  kieselguhr  and  de¬ 
pendent  chiefly  upon  the  density  of  the  catalyst.  The  latter  property  is 
directly  dependent  upon  the  quantity  of  kieselguhr  present  in  the  cata¬ 
lyst  and  is  influenced  also  by  the  density  of  the  carrier. 


Properties  of  Kieselguhrs 


Kieselguhrs  are  composed  chiefl.y  of  diatoms.  They  may  be  of  marine 
or  fresh-water  origin  and  they  are  always  composed  of  hydrous  amor¬ 
phous  silica  and  small  amounts  of  alumina,  iron  oxide,  and  traces  of 
other  oxide  impurities.  Kieselguhr  particles  exhibit  a  variety  of  in¬ 
teresting  forms  that  reflect  to  some  extent  the  source  of  the  material. 
Kieselguhrs  formed  in  swamps  sometimes  contain  rather  high  percent¬ 
ages  of  carbonaceous  material,  which  is  usually  removed  by  calcination. 
In  preparing  commercial  kieselguhrs,  the  crude  material  is  crushed  and 
then  separated  into  fractions  of  varying  particle  sizes  by  screening, 
settling  in  water,  air  separation,  or  combinations  of  these  methods. 
Some  commercial  kieselguhrs  are  heat-treated  (calcined)  and  alkali- 
heat-treated  (flux-calcined)  to  produce  varying  degrees  of  sintering  to 
improve  their  properties  as  filter  aids,  for  example. 

Fischer  believed  that  kieselguhr  was  an  unsatisfactory  carrier  because 
of  its  poor  thermal  conductivity,  which  resulted  in  inefficient  removal 
of  the  heat  of  reaction.  The  results  of  tests  made  in  1933  with  the  Ni- 


Mn-Al  catalyst  deposited  on  other  carrier  materials  are  compared  with 
kieselguhr  in  1  able  15. -6  Filter-Cel,  a  natural  California  kieselguhr, 


Table  15.  Effect  of  Carrier  on  Catalyst  Productivity 


Carrier 
Hyflo-Super-Cel  6 
Standard-Super-Cel  6 
Filter-Cel  k 
Calcium  carbonate 
Basic  magnesium  carbonate 
No  carrier 
Stuttgart  carrier 
Diatomite  granules 
Kieselguhr  S.  1 1  and  starch 

“  Grams  C5+  hydrocarbons  per  cubic 
6  From  Johns-Manville  Corp.,  Berlin. 


Temper¬ 

Contrac¬ 

ature, 

tion, 

Yield, 

°C 

per  cent 

g  per  cu  m 

194 

60 

77 

194 

68 

87 

194 

73 

96 

200 

38 

36 

200 

17 

19 

198 

54 

65 

214 

30 

24 

214 

58 

50 

198 

75 

77-98 

meter  2H2  +  ICO. 
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and  the  kieselguhr  (S.ll)  ordinarily  used  by  Fischer  produced  the  best 
catalysts.  Eleven  years  later,  U.  S.  Bureau  of  Mines  workers  in  the 
Synthetic  Liquid  Fuels  Research  and  Development  Branch  obtained  sim¬ 
ilar  results,  when  they  observed  that  Hyflo-Super-Cel  consistently  pro¬ 
duced  less  active  catalysts  than  Filter-Cel.  Hyflo-Super-Cel  was  manu¬ 
factured  by  treating  Filter-Cel  with  a  small  amount  of  sodium  carbonate 
and  calcining  at  about  900° C.  In  the  U.  S.  Bureau  of  Mines  laboratory, 
it  was  of  interest  to  determine  which  properties  of  a  kieselguhr  were 
critical  in  catalyst  preparation  and  also  to  find  a  source  of  a  suitable, 
commercially  available  American  kieselguhr.  The  properties  of  more 
than  a  dozen  American  kieselguhrs  were  studied  and  compared  with 
those  of  two  kieselguhrs  of  foreign  origin  which  had  been  reported  to 
produce  active  catalysts.55 

Chemical  analyses.  Several  kieselguhrs  were  analyzed  for  alu¬ 
minum,  iron,  phosphorus,  titanium,  calcium,  and  sulfur,  and  the  weight 
loss  on  ignition  was  determined.  The  results  of  these  analyses  are  given 
in  Table  16,  in  which  the  percentages  of  these  impurities  as  elements  are 


reported. 

The  Johns-Manville  samples  gave  almost  identical  analyses,  indicating 
that  they  came  from  the  same  deposit.  Ihe  nitric  acid-extracted  Filtei- 
Cel  showed  a  50  per  cent  decrease  in  the  iron  and  aluminum  content. 
The  low  weight  loss  on  ignition  of  this  sample  and  Hyflo-Super-Cel  re¬ 
sulted  from  previous  calcination.  Dicalite  911  had  a  somewhat  highei 
iron  content  and  ignition  loss.  The  Shasta  County  kieselguhr  had  high 
aluminum  and  iron  content  and  a  high  weight  loss  on  ignition.  This 
sample  had  not  been  subjected  to  any  separating  method  and  possibly 
contained  more  clay  than  the  others.  The  ignition  loss  of  the  Portuguese 
and  German  kieselguhrs  indicates  that  these  samples  probably  were 
heated  at  about  650°-700°C  to  remove  carbonaceous  materials.  The 
iron  and  aluminum  content  of  the  Portuguese  sample  about  equaled  that 
of  the  Johns-Manville  samples;  the  aluminum  content  of  the  German 
kieselguhr  was  very  low  and  the  iron  high.  Only  very  small  quantities 
of  phosphorus,  titanium,  and  calcium  were  present  in  all  the  samp ><*• 

X-rav  diffraction  studies.  By  means  of  x-ray  diffraction  patterns 
the  crystalline  phases  of  kieselguhrs  were  identified;  the  wMth  or  di- 
fuseness  of  the  diffraction  lines  indicated  crystallite  size  T 
activity  of  kieselguhrs-for  example,  solubility  in  solutions  from  which 
catalysts  are  precipitated-depends  upon  the  crystalhne  phase  ^ 
tallite  size,  and  impurities  such  as  clay  ami  crystallme  quartz. AlUhe 
natural  kieselguhrs  showed  chiefly  amorphous  x-iay  pattc  . 

«R.  B.  Anderson,  J.  T.  McCartney,  W.  K.  Hall,  and  L.  J.  E.  Hofer,  Ini.  End. 
Chent.,  39,  1,618-28  (1947). 
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Table  16.  Elements  Other  Than  Silica  in  Kieselguhrs 
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Kieselguhr 

Weight 
Loss  on 

Percentages  Computed  as 

Elements 

Name 

Description 

Ignition, 
per  cent 

A1 

Fe 

P 

Ti 

Ca 

1 

s 

Hyflo-Super-Cel  “ 

Marine,  Lompoc, 

Calif.,  deposit,  flux- 
calcined,  filter  aid 

0.33 

1.90 

0.87 

0.07 

0.12 

0.19 

0.03 

Filter-Cel  “ 

Marine,  Lompoc, 

Calif.,  deposit,  nat¬ 
ural,  filter  aid 

3.47 

1.87 

0.85 

0.10 

0.13 

0.31 

0.03 

Filter-Cel  ° 

(acid-extracted) 

b 

0.60 

0.9 

0.49 

c 

c 

c 

C 

Dicalite  911 

Fresh-water,  Terre¬ 
bonne,  Ore.,  natural 

4.28 

2.29 

1.49 

0.01 

0.16 

0.46 

0.09 

Shasta  County 

Fresh-water,  Shasta 
County,  Calif., 
natural  d 

6.42 

4.88 

2.24 

0.02 

0.28 

0.49 

0.31 

Portuguese 

Fresh-water,  Portugal, 
probably  heated  e 

1.58 

2.06 

0.87 

0.006 

0.08 

0.03 

0.05 

German 

Probably  Rostguhr^ 

1.66 

0.58 

3.86 

0.01 

0.08 

0.27 

0.19 

“  Johns-Manville  Sales  Corp. 

6  Extracted  in  U.  S.  Bureau  of  Mines  laboratory  with  hot  nitric  acid  for  6  hr,  filtered,  dried  at  120°C, 
and  finally  heated  at  650°C  for  2  hr. 

c  Not  determined. 

*  This  sample  was  a  part  of  the  sample  “California  2a”  mentioned  by  Skinner  [K.  G.  Skinner,  A.  A. 
Dammann,  R.  E.  Swift,  G.  B.  Eyerly,  and  G.  R.  Shuck,  U.  S.  Bur.  Mines  Bull.  460  (1944),  87  pp]. 
In  1940,  there  was  no  commercial  source  of  this  material. 

This  sample  was  secured  from  the  British  Fuel  Research  Station,  which  used  it  in  cobalt  Fischer- 
Tropsch  catalysts. 

This  sample  was  taken  from  the  Ruhrchemie  A.G.  Sterkrade  catalyst  factory  on  Apr.  19,  1946, 
and  was  believed  to  be  a  sample  of  the  German  Rostguhr.  It  was  probably  mined  in  a  fresh-water 
deposit  near  Hannover  and  calcined  to  700°C  to  remove  carbonaceous  material. 


Portuguese  kieselguhr,  despite  its  low  water  content,  showed  no  crystal¬ 
lization,  such  as  might  be  expected  after  calcination.  X-ray  diffraction 
patterns  of  various  kieselguhrs  and  samples  of  cristobalite  and  quartz 
are  shown  in  Figure  19,  and  these  patterns  are  described  in  Table  17. 
Slight  differences  among  these  kieselguhrs  occurred  with  respect  to  the 
quantity  of  crystalline  matter;  for  example,  a  number  of  faint  lines  oc¬ 
curred  in  the  Filter-Cel  patterns,  some  of  which  disappeared  on  acid 
extraction.  The  remaining  lines  seemed  to  be  those  of  quartz.  The 
pattern  of  the  Portuguese  kieselguhr,  as  far  as  the  faint  lines  were  con- 
cerned,  was  very  similar  to  the  acid-extracted  Filter-Cel.  The  pattern  of 
le  Shasta  County  kieselguhr  contained  faint  lines  which  could  not  be 

impurities  S  0?"  *  °?"y  0thcr  CTy8taUine  silica'  The  large  amount  of 
,7  t^  Per  cent  as  compared  with  2.9  per  cent  for  Filter-Cel  and 

•4  Per  cent  for  acid-extracted  Filter-Cel)  suggested  that  fhe  Grange 

were  due  to  crystalline  impurities.  The  other  amorphous  kiesel- 
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Figure  3-19.  X-ray  diffraction  data  for  kieselguhrs,  quartz,  and  cristobalite.  Re¬ 
produced  by  permission  from  reference  55. 


Table  17.  X-Ray  Diffraction  Data  on  Kieselguhrs 


Name 

Johns-M  anville 

Description 

Diffuseness 

Phase 

JM  1° 

Marine,  Lompoc,  Calif.,  flux-calcined 

A 

Cristobalite 

II  ° 

Marine,  Lompoc,  Calif.,  calcined 

C 

Cristobalite 

III  » 

Marine,  Lompoc,  Calif.,  natural 

X 

Amorphous 

IV  a 

Marine,  Lompoc,  Calif.,  natural 

X 

Amorphous 

Filter-Cel 

Filter-Cel 

Marine,  Lompoc,  Calif.,  natural 

C“ 

Amorphous,  quartz, 
unknown 

(acid-extracted) 

C“ 

Amorphous,  quartz 

Hyflo-Super-Cel 

Dicalite 

Speed  flow 

Marine,  Lompoc,  Calif.,  flux-calcined 

Probably  marine,  Lompoc,  Calif.,  flux- 

A 

Cristobalite 

calcined,  filter  aid 

B 

Cristobalite,  quartz 

f>37T 

Fresh-water,  Nevada,  natural 

X 

Amorphous 

fi58T 

Fresh-water,  Washington,  natural 

X 

Amorphous 

SA5 

Fresh-water,  Nevada,  natural 

X 

Amorphous 

911 

Fresh-water,  Terrebonne,  Ore.,  natural 

X 

Amorphous 

Grade  1 

PS 

Fresh-water,  Terrebonne,  Ore.,  natural 
Probably  marine,  Lompoc,  Calif.,  flux- 

X 

Amorphous 

calcined,  filter  aid 

C" 

Cristobalite 

Shasta  County 

Fresh-water,  Shasta  County,  Calif., 

C" 

Amorphous,  unknown 

Portuguese 

Fresh-water,  Portugal,  probably  heated 

c~ 

Amorphous,  quartz 

German  Probably  Rostguhr 

“  Catalyst  supports. 

A.  Sharp. 

B.  Somewhat  diffuse. 

C.  Diffuse. 

C-.  Diffuse  to  the  point  where  phases  are  difficult  to  ascertain. 
X.  Amorphous. 

c 

Quartz 
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guhrs  gave  very  few  faint  lines.  The  x-ray  diffraction  analysis  of  the 
heat-treated  silicas  showed  sharper  patterns  in  every  case. 

The  seven  crystalline  forms  ot  silica,  classified  into  a  quartz  seiies,  a 
tridymite  series,  and  a  cristobalite  series,  and  their  intei  relationships, 
are  shown  in  Figure  20. 56  All  the  flux-calcined  kieselguhrs  and  Johns- 
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870°  C  1,470°  C 

^  Y-TRIDYMITE  \ 


11 


141  °C 


p  —  TRIDYMITE 


11 


100°  c 

a  -  TRIDYMITE 


p- CRISTOBALITE 
'  f  220°C 
a-CRlSTOBAUTE 


Figure  3-20.  Transitions  of  silica.  Constructed  from  data  in  reference  50. 


Manville  II,  which  was  calcined  at  a  high  temperature,  contained 
cristobalite.  In  addition,  Dicalite  Speedflow  contained  a-quartz,  in¬ 
dicating  incomplete  conversion  from  quartz  to  cristobalite.  The  sharp¬ 
ness  of  the  lines  of  German  kieselguhr  probably  resulted  from  heating, 
but  no  indication  of  the  presence  of  cristobalite  could  be  found.  There¬ 
fore,  870°C  probably  was  not  exceeded  during  heating.  The  Portuguese 
kieselguhr  also  contained  quartz,  but  no  cristobalite. 

Surface  areas,  pore  volumes,  and  electron  micrographs.  A 
reasonably  good  picture  of  the  geometry  of  kieselguhr  particles  can  be 
obtained  from  electron  micrograph,  pore  volume,57  and  surface  area 
studies.53'58  The  procedures  used  to  determine  these  properties  are  dis¬ 
cussed  in  Chapter  2,  pp  45-72.  These  data  are  significant,  since  the 


pore  structure  and  density  of  catalysts  depend  at  least  to  some  extent 
on  the  properties  of  the  kieselguhr  used  as  carrier. 

Surface  areas  of  kieselguhrs,  as  determined  by  nitrogen  adsorption 
isotherms  at  -195°C,  varied  from  15  to  37  sq  m  per  g  for  natural  ma¬ 
terials,  while  calcined  and  flux-calcined  samples  had  areas  from  2  to  G 
sq  m  per  g.  Surface  areas,  together  with  pore  volume  data  obtained 
from  helium  and  mercury  densities,  are  given  in  Table  18. 55  These  data 
are  computed  per.  gram  of  kieselguhr  after  evacuation  at  100°C  The 
adsorption  isotherms  were  of  the  S-type  (type  II  of  Brunauer’s  classifica- 
mn  3  ;  see  Chapter  2),  which  would  be  expected  for  a  system  of  pores  of 
which  the  average  size  is  larger  than  about  1,000  A  in  diameter 

.ssstssr'-"**' 

58  Q  nR'  Smith  and  R-  P-  Rossman>  Ind.  Eng.  Chem.,  35,  972-6  (1943) 
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Table  18.  Surface  Areas  and  Pore  Volumes  of  Kieselguhrs 


Origin  of 
Kieselguhr 

Surface 
Area, 
sq  m  per  g 

Bulk 
Density, 
g  per  cc 

Hg 

Density, 
g  per  cc 

He 

Density, 
g  per  cc 

Void 
Space,  ° 
cc  per  g 

Pore  “ 
Volume, 
cc  per  g 

Av  b 
Pore 

Diameter, 

microns 

Johns-Manville 

Filter-Cel 

22.8 

0.149 

0.299 

2.19 

3.32 

2.81 

o  51 

Filter-Cel 

(acid-extracted) 

20.8 

0.17 

Snow  Floss  c 

19.4 

0.186 

0.343 

2.33 

2.46 

2.48 

0.52 

Hyflo-Super-Cel 

1.9 

0.22 

0.361 

2.27 

1.77 

2.33 

4.9 

JM  I 

3.2 

0.26 

0.381 

2.43 

1.22 

2.21 

2.8 

II 

5.5 

0.20 

0.346 

2.24 

2.12 

2.46 

1.8 

III 

19.2 

0.174 

0.323 

2.35 

2.64 

2.67 

0.56 

IV 

12.4 

0.228 

0.406 

2.22 

1.92 

2.01 

0.66 

Dicalite 

911 

29.7 

0.245 

0.373 

2.25 

1.41 

2.29 

0.31 

Grade  1 

20.3 

0.179 

0.348 

2.35 

2.71 

2.44 

0.49 

SA  5 

37.7 

0.203 

0.372 

2.05 

2.23 

2.20 

0.24 

637 T 

34.2 

0.196 

0.369 

d 

2.39 

2.28 

0.28 

658T 

25.4 

0.215 

0.335 

2.20 

1.67 

2.55 

0.40 

Speedflow 

3.5 

0.214 

0.372 

2.34 

1.94 

2.26 

2.6 

PS 

3.2 

0.245 

0.372 

d 

1.39 

2.26 

3.0 

Shasta  County 

33.6 

0.35 

0.425 

2.39 

0.51 

1.92 

0.23 

Portuguese 

17.5 

0.345 

0.508 

2.36 

0.90 

1.54 

0.40 

German 

14.9 

0.137 

0.272 

2.29 

3.63 

3.24 

0.87 

u  Void  space  is  volume  of  pores  with  openings  larger  than  5  microns  in  diameter  (pores  filled  by 
mercury  at  atmospheric  pressure)  and  is  defined  as  difference  of  the  reciprocals  of  the  bulk  and  mer¬ 
cury  densities.  Pore  volume  is  volume  of  pores  with  openings  smaller  than  5  microns  (pores  not  filled 
by  mercury  at  atmospheric  pressure)  and  is  defined  as  the  difference  of  the  reciprocals  of  the  mercury 
and  helium  densities. 

4  X  pore  volume 

6  Average  pore  diameter  computed  by  d  =  - - - . 

surface  area 

c  Marine,  Lompoc,  Calif.,  deposit,  natural  kieselguhr  characterized  by  a  very  small  particle  size, 
filter  aid. 

d  Not  determined.  Assumed  to  be  2.3  for  pore  volume  estimation. 

Isotherms  of  Shasta  County,  Filter-Cel,  and  Hyflo-Super-Cel  kiesel¬ 
guhrs  are  given  to  fairly  high  relative  pressures  in  Figure  21.  Desorption 
points  determined  on  the  Shasta  County  and  Filter-Cel  kieselguhrs 
showed  definite  hysteresis,  indicating  the  presence  of  some  pores  of  di¬ 
ameters  in  the  range  15-100  A.  If  most  of  the  area,  A,  is  contributed 
by  the  surface  of  pores  smaller  than  5  microns  in  diameter,  it  is  possible 
to  calculate  an  average  pore  diameter,  d,  on  the  basis  ot  cylindrical  open- 
end  pores  by  the  equation,  d  =  4 V/A,  where  V  is  the  pore  volume  and 
A  the  surface  area.60  These  diameters  are  given  in  the  last  column  of 

Table  18. 

60  p  H.  Emmett  and  T.  W.  DeWitt,  J.  Am.  Chem.  Soc.,  65,  1,353-62  (1943). 
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F.ODHB  3-21.  Adsorption  of  nitrogen  on  kieselguhrs  at  -195°C.  Reproduced  bv 

permission  from  reference  55. 
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The  electron  micrographs  at  magnification  of  2,000  of  the  Johns- 
Manville  samples  showed  particles  with  a  “rod  and  perforated  plate” 
structure,  the  perforated  plates  probably  being  fragments  of  larger  discs. 
This  structure  appeared  to  be  characteristic  of  the  marine  deposit  at 
Lompoc,  Calif.  The  micrographs  of  calcined  kieselguhrs  showed  loss  in 
fine  structure,  the  flux-calcined  materials,  JM  I  and  Hyflo-Super-Cel, 
being  more  sintered  than  calcined  JM  1 1 .  The  dicalite  samples,  obtained 
from  several  different  deposits,  had  several  characteristic  forms,  in¬ 
cluding  rods,  perforated  discs,  elliptical  particles,  and  fine  structure. 
1  he  surface  areas  and  pore  volumes  were  in  qualitative  agreement  with 
the  micrographs. 

The  German  kieselguhr  had  nearly  perfect  diatoms.  The  most  prom¬ 
inent  forms  were  discs  and  perforated  rod  or  ladder-like  structures.  Be¬ 
cause  of  the  large  proportion  of  elongated  forms,  the  bulk  density  was 
low.  The  surface  area  was  lower  than  anticipated  from  the  apparent 
fine  structure;  this  was  probably  due  to  the  calcination  at  about  650°- 
700°C.  A  sample  of  kieselguhr  obtained  by  extraction  with  hot  nitric 
acid  of  a  German  cobalt  Fischer-Tropsch  catalyst  was  similar  to  the 
previous  sample. 

A  large  portion  of  the  diatoms  of  the  Portuguese  fresh-water  kieselguhr 
was  broken  into  very  small  fragments  of  about  1  by  2  microns.  Some 
particles  of  circular  cross  section  about  5  microns  in  diameter  were  found. 
Some  of  the  unbroken  diatoms  of  this  sample  were  similar  to  those  of  the 
German  kieselguhr.  It  is  possible  that  this  sample  had  been  heated  at 
about  650° -700° C,  for  its  surface  area  was  lower  than  those  of  most  of 
the  fresh-water  kieselguhrs.  The  fact  that  this  sample  was  considerably 
broken  was  reflected  in  the  high  bulk  and  mercury  densities  of  this 
material. 

Micrographs  of  natural  kieselguhrs  at  magnifications  of  20,000  showed 
considerable  fine  structure  not  apparent  at  the  lowei  magnification. 
The  fine  structure  was  of  two  types:  small  holes  within  larger  holes,  and 
fine  structure  apparent  in  thin  pieces  and  at  the  edges  of  thick  pieces. 
These  micrographs  showed  pores  as  small  as  can  be  detected,  about 
100  A.  Although  this  fine  structure  was  not  apparent  in  the  majority  of 
the  pieces  of  natural  kieselguhr,  it  was  found  frequently.  Calcined  and 
flux-calcined  kieselguhrs  at  magnifications  of  20,000  showed  significantly 
less  fine  structure  than  natural  samples.  In  micrographs  of  flux-calcine 
samples,  Hyflo-Super-Cel  and  JM  I,  there  was  no  evidence  of  fine  struc¬ 
ture.  The  sample  appeared  sintered,  as  indicated  by  drop-shaped  por¬ 
tions  and  smooth  outlines  of  all  particles.  Some  larger  pores  were  eroded 
and  enlarged  until  they  merged  with  adjacent  pores  and  all  small  pores 
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had  disappeared.  Speedflow  and  PS  filler  showed  more  fine  structure, 
and  the  extent  of  sintering  and  erosion  was  smaller.  Calcined  samp  e 
JM  II  showed  slightly  more  structure  than  Speedflow  or  PS  filler. 


German  Kieselguhr 

In  all  the  small-scale  tests  made  after  1933  at  the  Kaiser  Wilhelm  In- 
stitut  fur  Kohlenforschung  and  at  Ruhrchemie,  kieselguhr  S.ll,  mined 
in  a  fresh-water  deposit  near  Hannover,  was  used.  However,  it  was  not 
available  in  sufficient  quantities  for  commercial-scale  preparations  and 
a  substitute  material  was  sought.  The  only  treatment  given  kieselguhr 
S.l  1  was  screening,  because  it  occurred  at  the  top  of  the  deposit  and  con¬ 
tained  little  organic  matter  or  other  impurities,  such  as  iron  and  calcium. 
Iron  was  thought  to  increase  the  production  of  methane  and  carbon  di¬ 
oxide  29  during  synthesis,  the  effect  of  soluble  iron  being  somewhat  greater 
than  that  of  insoluble  iron.  Calcium  was  believed  to  exert  a  deleterious 
effect  during  precipitation  of  the  catalyst.  The  type  of  diatom  in  the 
kieselguhr  was  thought  to  be  unimportant,  and  no  correlation  was  found 
between  suitability  as  a  catalyst  carrier  and  surface  area,  as  measured 
by  adsorption  of  dyes.  A  low  content  of  sand,  measured  by  sedimenta¬ 
tion  analysis,  was  specified,  because  sandy  kieselguhr  produced  a  soft 
catalyst.  Table  19  summarizes  typical  data  on  the  physical  and  chem¬ 
ical  properties  of  kieselguhrs,  obtained  by  Ruhrchemie  fil  in  1937  when 
various  kieselguhrs  were  being  tested  to  find  a  substitute  for  S.l  1.  The 
first  four  kieselguhrs  shown  in  the  table  were  mined  in  the  same  region 
as  S.ll  and  were  calcined  at  1,000°C;  the  next  two,  10  SO  and  12  SO, 
were  untreated;  and  the  last  one  was  S.120.  Table  20  shows  the  results 
of  synthesis  tests  with  catalysts  containing  these  kieselguhrs.  As  a  re¬ 
sult  of  many  tests  of  this  type,  it  was  concluded  that  the  calcined 
kieselguhrs  were  more  suitable  than  the  untreated  ones. 

Kieselguhr  S.120,  which  was  selected  to  replace  S.ll,  was  prepared  by 
heating  at  1,000°C  a  mixture  of  several  kieselguhrs,  including  I-IV  of 
1  able  19.  It  was,  calcined  in  order  to  volatilize  some  of  the  impurities 
(S,  Cl)  and  convert  others  into  insoluble  silicates.  This  Gluhguhr 
(German  spelling  “Gliihgur”)  had  the  great  advantage  that  its  bulk 
density  was  constant  from  batch  to  batch,  at  120  g  per  1,  and  it  was 
therefore  known  as  kieselguhr  S.120.3ft  Table  21  shows  the  chemical 
analysis  of  S.120  and  includes  that  ol  S.ll  for  comparison.  A  Ruhr¬ 
chemie  chemist  was  employed  at  the  kieselguhr  mines  to  supervise  the 
mixing  ol  the  various  kieselguhrs  and  calcination  of  the  mixture,  so  that 

61  F.I.A.T.  Reel  K21,  Frames  1,070-5. 
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Schulz-Harkort  test. 

Two  grams  kieselguhr  slurried  in  200  cc  30  per  cent  sugar  solution  at  90°C  and  filtered.  Time,  in  seconds,  required  to  collect  100  cc  filtrate  was  measured. 
Kieselguhr  dropped  into  graduate  cylinder  from  a  height  of  50-100  cm  and  weight  per  unit  volume  measured. 

Water  added  to  20  g  kieselguhr,  with  stirring,  until  the  mixture  could  flow. 

Twenty  grams  kieselguhr  was  dried  to  constant  weight  at  120°C  and  calcined  1  hr  at  1,000  1,050°C. 
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Table  20.  Activity  Tests  of  IOOCo:  15ThO2i200  Kieselguhr  Catalysts,  on 
Various  Kieselguhrs,  Ruhrchemie,  November  1937  ° 


Synthesis  Tests  b 


Kiesel¬ 

guhr 

No. 

Cata¬ 

lyst 

No. 

Average  Contraction, 
per  cent,  after 

Total  Liquid  Hydrocarbon, 
cc  per  cu  m,  after 

100 

200 

300 

400 

500 

Av 

100 

200 

300 

400 

500 

Av 

hr 

hr 

hr 

hr 

hr 

hr 

hr 

hr 

hr 

hr 

0 

I 

523 

72 

70 

69 

66 

62 

68 

135 

132 

117 

in 

124 

527 

71 

71 

69 

66 

64 

68 

127 

121 

114 

121 

II 

524 

69 

70 

68 

66 

64 

67 

134 

129 

128 

124 

129 

528 

71 

70 

67 

67 

63 

68 

112 

123 

109 

115 

III 

525 

68 

66 

67 

67 

64 

66 

121 

130 

124 

116 

123 

529 

69 

65 

66 

67 

65 

66 

127 

115 

121 

IV 

526 

69 

66 

68 

67 

64 

67 

118 

130 

124 

114 

122 

530 

70 

69 

68 

68 

67 

68 

129 

130 

120 

126 

10  so 

481 

63 

60 

62 

482 

63 

58 

61 

12  SO 

515 

65 

61 

59 

63 

62 

120 

1 17 

122 

120 

515 

63 

62 

63 

°  Catalysts  were  reduced  at  400°C,  2  hr,  300  1  H2-N2  per  hr. 

6  Synthesis  tests  were  carried  out  at  185°C  for  400  500  hr.  Flow  rate  was  4  1  synthesis  gas  per  4  g  Co. 


Table  21.  Chemical  Analysis  of  German  Kieselguhr 


(Per  Cent  by 

Constituent 

Weight) 

S.120 

S.ll 

SiC>2 

94.7 

93.3 

Fe2()3 

2.1 

0.8 

AloO.'j 

1 .9 

0.5 

0.3 

CaO 

0.7 

MgO 

0.2 

0.7 

Loss  on 

drying  (110°C) 

0.1 

4.0 

8.0 

Loss  on 

calcination  (1,000°C) 

0.1 

I7i  Development  of  Fischer-Tropsch  Catalysts 

the  final  product  conformed  to  the  specifications  (Table  22)  that  had 
been  adopted  for  Gluhguhr.29  However,  despite  all  precautions,  cata¬ 
lysts  prepared  with  Gluhguhr  did  not  have  the  highest  activity. 


Table  22.  Specifications  for  German  Kieselguhr 


Property 

Gluhguhr 

Rostguhr 

Bulk  density,  g  per  1 

120-150 

60-100 

Sand  content,  per  cent  “ 

<2 

<2 

Acid-soluble  constituents, 
per  cent  b 

Fe 

1 

1.7 

A1 

0.1 

0.4 

Ca 

0.2 

0.2 

S04 

0.4 

0.6 

Loss  on  heating  at  1,000°-1,050°C 

for  1  hr,  per  cent 

0.5 

2.5 

“  Schulz-Harkort  test. 

b  Values  given  must  not  be  exceeded  after  boiling  1  part  of  kieselguhr  for  1  hr  with 
5  parts  of  25  per  cent  HNO3. 


In  1938,  the  demand  for  kieselguhr  for  catalyst  manufacture  was  so 
great  that  the  capacity  of  the  calcination  equipment  at  the  Vereinigte 
Deutsche  Kieselgurwerke,  Hannover,  was  exceeded.31  Further  tests 
showed  that  heating  the  kieselguhr  at  about  (i0()o-700  C  produced  a 
material  more  suitable  for  catalyst  manufacture  than  Gluhguhi.  this 
result  indicated  that  calcination  at  1,000°C,  which  produced  considerable 
sintering,  rather  than  the  presence  of  impurities  in  the  kieselguhr,  had 
been  the  important  factor  in  the  production  of  unsuitable^ kieselguhrs. 
Subsequently,  all  kieselguhr  was  treated  by  roasting  at  400° -700°  C  in  a 
moving  layer.  The  product,  Rostguhr  (“Rostgur”)  (Table  22),  varied 
in  bulk  density  from  00  to  100  g  per  1,  so  that  varying  proportions  (180- 
200)  were  used  during  the  manufacture  of  the  catalyst  in  order  to  main¬ 
tain  a  constant  cobalt  content  of  80  g  per  1  of  unreduced  catalyst  gran¬ 
ules  The  use  of  Rostguhr  also  improved  the  mechanical  strength  o 
the  catalyst  granules  (in  addition  to  the  improvement  observed  when 
magnesia  was  incorporated  into  the  catalyst).*'  Kieselguhr  fulfilling  the 
conditions  for  the  preparation  of  active  catalysts  gave  rise  to  no  diffi¬ 
culties  in  the  recovery  of  the  metals  from  used  catalysts.  1  he  kieselgu 
was  not  recovered;  handling,  such  as  passage  through  pumps,  destroyed 
the  diatomaceous  structure  and  rendered  the  kieselguhr  unsatistai  oi> 
for  reuse  in  catalysts.  Ample  supplies  of  kieselguhr  suitable  for  con¬ 
version  to  Rostguhr  were  available  in  Germany,  and  little  work  was  done 
oil  kieselguhrs  from  other  sources. 
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U.  S.  Bureau  of  Mines  tests  summarized  in  Tables  23  and  24  showed 
the  effect  of  the  nature  of  the  kieselguhr  upon  the  activity  of  Co-Th()2- 
MgO-  kieselguhr  catalysts.  The  data  in  columns  2,  3,  and  4  of  Table  23 
showed  that  pelleted  catalysts  891,  89L,  and  89H  produced  average 
liquid  hydrocarbon  yields  of  about  80  g  per  cu  m  of  feed  gas.  These 
catalysts  were  precipitated  on  Hyflo-Super-Cel  kieselguhr,  which  is  a 
flux-calcined  material.  The  natural  kieselguhr  from  which  Ilyflo-Super- 
Cel  was  manufactured,  Filter-Cel,  and  the  natural  kieselguhr  of  Portu¬ 
guese  origin  produced  significantly  more  active  catalysts.  Catalysts 
89J  and  89Iv  (columns  7  and  15  of  Table  23,  respectively)  produced  an 
average  of  97  g  per  cu  m  of  feed  gas,  at  much  lower  temperatures.  The 
relative  efficiencies  of  Hyflo-Super-Cel,  Filter-Cel,  and  Portuguese  kie¬ 
selguhr  as  catalyst  carriers  are  shown  graphically  in  Figure  22,  in  which, 
for  purposes  of  comparison,  the  space-time-yields  and  temperatures  at  a 


Table  23.  Effect  of  Kieselguhr  upon  Activity  of  Pelleted  Co-ThOo-MgO-IviESELGUHR  Catalysts  at  Atmospheric  Pressure 

with  2H 2  +  ICO  Synthesis  Gas  (U.  S.  Bureau  of  Mines) 
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space  velocity  of  100  were  estimated  from  the  data  of  Table  23.  The 
Hyflo-Super-Cel-containing  catalyst  operated  at  significantly  higher 
temperatures  and  produced  a  space-time-yield  about  2  kg  per  cu  m  ol 


Table  24.  Effect  of  Kieselguhr  on  Activity  of  Co-Th02-MgO-KiESELGUHB 
Catalysts  (U.  S.  Bureau  of  Mines) 


Kieselguhr 

Cata- 

1>  st 

Dura¬ 

tion 

of 

Test, 

hr 

Ac¬ 
tivity,® 
cc  per  g 
per  hr 

Surface 
Area  of 
Kiesel¬ 
guhr, 
sq  m 

per  g 

Weight  Per  Cent  Extractable  h 

Al+3 

Fe+3 

Ca+2 

PO4-3 

N 

1 

’P 

o 

xn 

Flux-calcined 

HSC 

891 

1.059 

63.2 

1.9 

0.05 

0.03 

0.00 

0.00 

0.00 

HSC 

89  L 

1,201 

52.4 

1 .9 

HSC 

89  H 

1,063 

48.7 

1.9 

HSC 

89N  c 

508 

45.2 

1.9 

Calcined 

Johns-Manville 

II 

89BB 

1 .071 

88.3 

5.5 

0.17 

0.04 

0.00 

0.13 

0.09 

Natural,  marine 

FC 

89.1 

1 .075 

127.4 

22.2 

1.23 

0.75 

0.12 

0.09 

0.11 

FC-A  d 

890 

1 ,060 

166.8 

20.8 

0.00 

0.00 

0.00 

0.00 

0.00 

FC-A  c 

89FF 

1 .030 

115.5 

24.1 

0.00 

0.00 

0.00 

0.00 

0.00 

Snow  Floss 

89DD 

1 ,030 

86.6 

19.1 

0.80 

0.70 

0.28 

0.15 

0.12 

Natural,  fresh-water 

Dicalite  91 1 

89V 

1,150 

92.7 

29.3 

1.41 

1.14 

0.35 

0.00 

0.26 

Dicalite  911 -A  * 

89GG 

1,155 

164.5 

39.2 

0.00 

0.00 

0.00 

0.00 

0.00 

Dicalite  SA5 

89  Y 

1,145 

110.7 

37.3 

Dicalite  658T 

89Z 

1,120 

94.6 

25.2 

0.76 

1.77 

0.14 

0.00 

0.23 

Portuguese 

89  K 

1,070 

166.3 

17.5 

1.61 

0.65 

0.00 

0.00 

0.11 

German 

89  U 

1,150 

79.6 

14.9 

0.43 

1.49 

0.02 

0.00 

0.56 

°  Computed  activity  at  185°C,  expressed  as  cubic  centimeters  (STP)  of  2H2  +  ICO  gas  converted 
per  gram  of  unreduced  catalyst  per  hour. 

6  By  heating  in  8  N  nitric  acid  for  2  hr. 
c  Alkali-washed  magnesia. 

d  Kieselguhr  was  extracted  with  hot  nitric  acid  for  6  hr,  washed,  dried,  and  heated  at  650°C  for  2  hr 
The  extraction  decreased  tile  percentages  of  aluminum  and  iron  by  about  50  per  cent.  (See  reference 

H  .e.KleS*1?Uh^  WaS  extracted  hydrochloric-nitric  acid  solution  (1  volume  each  of  concentrated 
“  volumes  of  water)  for  16  hr  at  room  temperature.  Then  it  was  washed  and  dried  at  400°C. 


catalyst  per  hr  lower  than  the  catalysts  prepared  with  Filter-Cel  or 
Portuguese  kieselguhrs.  Catalyst  8911  produced  significantly  more 
cai  'Oil  dioxide  than  89.J;  this  result  was  consistent  with  the  smaller  pore 
volume  of  8911.  The  catalyst  made  with  Filter-Cel  (89.1)  gave  slightly 
higher  space-tnne-yidds  hut  also  operated  at  a  higher  temperature  than 
atalyst  containing  the  Portuguese  kieselguhr  (89K).  The  difference 
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in  operating  temperature  was  partly  the  result  of  the  greater  weight  of 
catalyst  89K.  The  other  tests  reported  in  Table  23  confirmed  the  obser- 
\  ation  that  flux-calcined  and  calcined  kieselguhrs  in  general  produced 
less  active  catalysts  than  the  natural  or  untreated  materials.  In  order 
to  make  a  reliable  comparison  of  the  tests  of  the  various  catalysts,  values 
were  computed  expressing  activity  as  cubic  centimeters  (STP)  of  2H2  + 
ICO  gas  converted  per  gram  of  unreduced  catalyst  per  hour,  at  185°C. 
Table  24  62  shows  clearly  that  catalysts  containing  flux-calcined  Hyflo- 
Super-Cel  kieselguhr  were  the  least  active.  The  preparation  containing 
calcined  Johns-Manville  II  was  considerably  more  active;  however,  its 
activity  was  lower  than  that  of  preparations  containing  natural  kiesel¬ 
guhrs.  The  activities  of  catalysts  containing  natural  kieselguhrs  of 
marine  and  fresh-water  origin  were  similar. 

Comparison  of  the  catalysts  containing  natural  kieselguhrs  showed 
that  the  more  active  ones  contained  smaller  amounts  of  soluble  iron. 
The  kieselguhrs  had  been  heated  in  8  N  nitric  acid  for  2  hr  to  remove  any 
impurities  that  would  have  been  dissolved  and  reprecipitated  during 
catalyst  preparation,  and  the  resulting  solutions  were  analyzed  for  alu¬ 
minum,  iron,  calcium,  phosphate,  and  sulfate.  Such  a  comparison  is,  of 
course,  not  valid  for  the  calcined  and  flux-calcined  kieselguhrs,  and  it  is 
not  surprising  that  only  very  small  amounts  of  impurities  were  removable 
from  Johns-Manville  II  and  Hyflo-Super-Cel.  The  lower  activity  of 
catalysts  containing  the  latter  kieselguhrs  could  probably  be  attributed 
to  their  low  surface  areas  or  the  orderly  crystal  structure  of  the  silica,  or 
both.  Hyflo-Super-Cel  produced  a  sharp  x-ray  diffraction  pattern  for 
cristobalite,  and  Johns-Manville  II  a  weak  cristobalite  pattern;  the 
natural  kieselguhrs  produced  amorphous  x-ray  patterns.  From  the 
above  results,  it  would  appear  desirable  to  use  an  acid-extracted,  natural 
kieselguhr  in  the  preparation  of  precipitated  cobalt  catalysts. 

No  correlation  was  observed  between  catalyst  activity  and  particle 
size  or  the  external  or  internal  structure  of  the  natural  diatoms.  Foi  ex¬ 
ample,  the  activities  of  catalysts  prepared  from  kieselguhrs  with  very 
small  particle  size,  Snow  Floss  and  Portuguese,  were  86.6  and  166.3  cc 
per  g  per  hr,  respectively ;  this  was  the  maximum  difference  observed  in 
the  tests  with  catalysts  containing  natural  kieselguhrs.  It  is  possible 
that  the  effect  of  differences  in  surface  area,  particle  size,  and  structure 
was  obscured  by  the  influence  of  iron  or  other  impurities,  and  by  the 
rather  wide  variability  in  activity  of  different  batches  of  catalyst  pre¬ 
pared  with  the  same  kieselguhr. 

62  It.  B.  Anderson,  A.  Krieg,  B.  Seligman,  and  W.  Tarn,  Ind.  Eng.  Chern.,  40,  2 , 
347-50  (1948). 
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Figure  3-23.  Effect  of  type  of  kieselguhr  upon  life  and  yields  of  cobalt  catalysts,  Ruhrchemie,  1938. 
(lOOC'o:  18ThO2:200  kieselguhr  catalyst  operated  at  atmospheric  pressure  of  2H2  +  ICO  and  185°-195°C.) 

Reproduced  from  refeience  63. 
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A  study  made  in  1938  at  Ruhrchemie29-63  showed  that  the  calcined 
kieselguhr,  S.120,  was  a  less  desirable  carrier  than  the  natural  kiesel- 
guhr,  S.ll,  with  respect  to  the  life  of  the  cobalt  catalyst.  The  wax 
produced  on  a  catalyst  containing  S.120  was  less  easily  removed  during 
reactivation  ol  the  catalyst  by  hydrogenation  than  the  wax  from  the 
catalyst  containing  S.ll.  A  catalyst  containing  S.120  retained  more 
adsorbed  hydrocarbon  products  and  thus  presented  a  less  accessible  sur¬ 
face  for  further  synthesis.  Figure  23  shows  the  course  of  life  tests  of  two 
samples  of  lOOCo:  18ThO2:200  kieselguhr  catalyst  deposited  upon  kiesel¬ 
guhr  S.120  and  S.ll,  respectively.  Synthesis  was  carried  out  at  185°- 
195°C  with  2H2  +  ICO  gas  at  a  throughput  of  1  1  per  g  of  cobalt  per  hr, 
using  a  catalyst  charge  corresponding  to  4  g  of  cobalt;  the  pressure  was 
atmospheric.  During  the  first  50  days,  the  contractions  and  yields  of 
hydrocarbons  were  similar;  during  the  remaining  105  days,  the  catalyst 
containing  kieselguhr  S.ll  produced  15-20  per  cent  higher  yields. 

In  each  test,  the  catalyst  was  reactivated  8  times  by  passage  of 
75H2:25N2  at  a  temperature  5°-7°C  higher  than  synthesis  temperature. 
The  highest  temperature  was  200° C.  The  other  conditions  of  reactiva¬ 
tion — space  velocity  and  duration — were  not  reported.  However,  on  a 
large  scale,  a  gas  rate  of  1,000  cu  m  per  reactor  per  hr  was  used  for  7-10 
hr  at  a  temperature  5°C  higher  than  the  last  synthesis  temperature 
(Ruhrchemie)  or  always  at  200°C  (Essener  Steinkohle).  The  composi¬ 
tion  of  the  products  obtained  by  this  treatment  depended  upon  the 
amount  of  hydrogen  used.  From  the  normal  large-scale  treatment,  the 
product  consisted  of  about  60  per  cent  of  methane  and  40  per  cent  of 
saturated  hydrocarbons  boiling  below  200° C.  The  organic  material  not 
removed  by  hydrogenation  was  called  the  “Restbeladung”  and  consisted 
of  residual  catalyst  wax.  It  was  recovered  by  extraction  in  the  labora¬ 
tory  with  benzene  and  was  obtained  as  a  dark-brown  solid,  mp  about 
90° C,  which  had  an  odor  ol  oxygenated  compounds.  1  he  total  amount 
of  wax  was  calculated  from  the  results  of  the  hydrogenation  and  extrac¬ 


tion  treatments. 

To  demonstrate  the  effect  of  the  nature  of  the  kieselguhr  upon  the 
paraffin  content  ot  the  two  catalysts  mentioned  above,  a  sample  ot  each 
catalyst  was  tested  in  the  hydrocarbon  synthesis  under  the  conditions 
described  above.  At  the  end  of  50  days,  the  first  reactivation  by  hydro¬ 
gen  and  the  first  extraction  by  benzene  were  carried  out.  On  another 
sample  of  the  catalyst,  the  procedure  was  repeated  up  to  and  including 
the  hydrogen  treatment.  Synthesis  was  then  started  for  the  second 
period,  at  the  end  of  which  hydrogen  revivification  and  benzene  extrac¬ 
tion  analyses  of  the  catalyst  were  performed.  In  this  manner,  the  suc- 

63  Ruhrchemie,  1938,  F.I.A.T.  Reel  K21,  Frames  1,036-9. 
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ceeding  determinations  were  made.  The  results  are  summarized  in 
Table  25  and  Figures  24  and  25.  The  paraffin  contents  of  the  catalysts 
containing  S.ll  and  S.120,  respectively,  both  before  and  after  hydrogen 
reactivation,  are  shown  in  Figures  24  and  25.  In  the  curves  in  Figure 

Table  25.  Effect  of  the  Type  of  Kieselguhr  on  the  Formation 
and  Retention  of  Wax  on  IOOCo:  18ThO2:200  Kieselguhr  Catalysts 
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ature, 
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days 
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5 

6 

7 
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50 
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78 

190 

96 
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112 

193 
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194 

144 
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155 
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Kieselguhr  S.ll 

Total  Wax 

Restbeladung  “ 

Total  Wax 
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Per 

Per 
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Per 

Per 

Per 

Cent 

Cent 

Cent 

Cent 

Cent 

Cent 

g 

g 

of 

g 

g 

of 

of 

Total 

Co 

Co 

Co 

Co 

Wax 

Wax 

22.1 

552 

12.0 

54 

300 

21.5 

538 

7.8 

36 

195 

21.5 

538 

15.0 

70 

375 

18.6 

465 

10.0 

54 

250 

20.4 

510 

16.8 

82 

420 

16.5 

413 

10.8 

65 

270 

21.5 

538 

17.0 

79 

425 

15.7 

393 

10.2 

65 

255 

18.4 

460 

15.6 

85 

390 

12.5 

313 

9.6 

77 

240 

18.7 

408 

15.8 

85 

395 

13.4 

335 

1 1  .0 

82 

275 

17.6 

440 

15.4 

87 

385 

13.8 

345 

12.0 

87 

300 

19.0 

475 

17.0 

90 

425 

16.0 

400 

13.5 

84 

340 

a  Organic  material  not  removed  from  catalyst  during  reactivation  by  hydrogen.  It  was  recovered 
by  extraction  with  benzene  and  was  a  dark-brown  solid,  mp  about  90°C,  which  had  an  odor  of  oxy¬ 
genated  compounds. 
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Figure  3-25.  Paraffin  content  of  catalyst  containing  kieselguhr  S.120.  Reproduced 

from  reference  63. 


Figure  3-26.  Effect  of  kieselguhr  upon  accumulation  and  removal  of  catalyst  wax 

Reproduced  from  reference  63. 


Effect  of  Kieselguhr  on  Catalyst  Activity 


I8.i 


26  the  accumulation  and  retention  of  catalyst  wax  as  a  function  of  time 
are  compared  for  the  two  kieselguhrs.  The  results  demonstrate  that  the 
total  wax  accumulated  on  the  catalyst  and  retained  after  hydrogenation 
was  smaller  in  the  catalyst  precipitated  on  S.ll. 

The  distribution  of  products  appeared  to  be  fairly  independent  of  the 
type  of  kieselguhr  used  as  a  carrier,  and  dependent  chiefly  upon  the  den¬ 
sity  of  the  catalyst.  However,  the  density  of  the  catalyst  varied  directly 


Figure  3-27.  Variation  in  product  distribution  with  mercury  density  of  Co-ThOo- 
MgO-kieselguhr  catalysts  tested  at  atmospheric  pressure,  with  contractions  main¬ 
tained  at  70  per  cent.  Reproduced  by  permission  from  reference  62. 


with  that  of  the  carrier.  With  granular  Co-Th02-MgO-kieselguhr  cata¬ 
lysts,  the  relationship  between  mercury  densities  (determined  by  the  dis¬ 
placement  of  mercury  at  atmospheric  pressure)  of  catalyst  and  kiesel¬ 
guhr  was  linear,  but  the  density  of  pelleted  catalysts  depended  upon 
both  the  density  of  the  kieselguhr  and  the  pelleting  procedure.  However 
with  the  same  setting  of  the  pelleting  machine,  the  density  of  the  pellets 
vaned  directly  with  that  of  the  carrier.  The  variation  in  distribution  of 
the  light  hydrocarbons  as  a  function  of  mercury  density  of  the  catalyst 
JS  shewn  m  Figure  27  -  With  increasing  mercury  density  of  the  cata- 
1}  sts,  the  yields  of  the  less  desirable  products— CH  <  Cq  +  C  C  r 
and  C02  increased  at  the  expense  of  the  yield  of  lit^id  prtdu^  ‘^he 
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points  were  scattered  because  of  the  many  variables  involved  in  pre- 
paiing  and  testing  catalysts,  but  the  trends  were  obvious. 

The  function  of  the  carrier  appears  to  be  more  complex  than  that  of  a 
diluent  01  bulking  agent.  1  he  U.  S.  Bureau  of  Mines  studies  showed 
that  the  unreduced  catalyst  had  a  higher  area  than  the  sum  of  the  area 
of  cobalt  oxide-promoter  complex  plus  kieselguhr;  the  areas  of  catalysts 
containing  calcined  and  flux-calcined  kieselguhrs  were  larger  by  about 
8  per  cent,  and  those  with  natural  kieselguhrs,  by  about  20  per  cent.53-62 
There  are  two  possible  explanations:  first,  the  fine  structure  of  the  natural 
kieselguhr  stabilized  the  cobalt  oxide-promoter  complex  at  the  time  of 
precipitation;  second,  a  fraction  of  the  cobalt  was  attached  to  the  silica 
skeleton  of  the  kieselguhr  by  cobalt  hydrosilicate  bonds  (see  Chapter  2). 
The  calcined  kieselguhrs,  being  considerably  less  soluble,  would  undergo 
this  process  to  a  smaller  extent  .  The  role  of  the  carrier  as  a  bulking  agent 
was,  nevertheless,  important.  Kieselguhr  provided  a  framework  about 
which  the  metal  oxide  complex  shrank  when  reduced  to  the  metal.54 
Excessive  decrease  in  the  area  of  the  metal,  as  a  result  of  sintering,  was 
inhibited  during  reduction  and  decrease  in  bulk  volume  of  the  catalyst 
was  prevented.  The  bulk  volume  of  kieselguhr-free  preparations  de¬ 
creased  several-fold  during  heating  and  reduction.  These  observations 
confirmed  the  suggestion  made  by  Roelen  35  that  kieselguhr  as  a  carrier 
in  cobalt  and  nickel  catalysts  produced  the  proper  degree  of  dispersion  of 
the  active  metal  and  gave  the  desired  porosity.  They  were  also  in  agree¬ 
ment  with  the  report  of  Craxford  64  that  a  catalyst  prepared  with  natural 
kieselguhr  had  a  surface  area  and  activity  greater  than  those  of  a  cata¬ 
lyst  containing  calcined  kieselguhr. 


EFFECT  OF  CATALYST  COMPOSITION  UPON  ACTIVITY 
AND  PRODUCT  DISTRIBUTION 

During  the  period  1 933 — 1939,  an  enormous  amount  ol  catalyst  testing 
occurred.  Preparations  of  nickel,  cobalt,  and  cobalt-nickel  combined 
with  a  large  number  of  promoters  and  deposited  on  many  carriers  were 
tested.  Among  the  promoters  were  the  following:  MgO,  CaO,  SrO,  BaO, 
BeO,  A1203,  La203,  Ce02,  Th02,  Cr203,  U02,  U308,  Sn02,  Bi203,  CdO, 
ZnO,  Cu,  Ag,  Mn,  and  Fe.  These  were  tested  alone  and  in  combination. 
Mn,  U02,  U308,  Th02,  BeO,  A1203,  and  MgO  were  reported  as  suitable 
promoters.  Kieselguhr,  fuller’s  earth,  asbestos,  silicic  acid,  diatomite, 
silica  gel,  pumice,  kaolin,  talc,  aluminum  oxide,  magnesium  oxide,  and 
porcelain  were  used  as  carriers.  Of  these,  kieselguhr,  kaolin,  and  alu¬ 
minum  oxide,  when  suitably  prepared,  were  satisfactory.  A  high  propor- 

61  S.  R.  Craxford,  Fuel,  26,  119-23  (1947). 
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tion  of  these  catalysts  was  satisfactory  with  respect  to  productivity,  life 
or  product  distribution,  but  none  surpassed  the  Ruhrchemie  standard 
Co-Th02-kieselguhr  and  Co-Th02-MgO-kieselguhr  catalysts.  I  he 
summary  of  results  that  is  presented  below  indicates  the  types  of  catalyst 
compositions  studied  and  is  not  intended  as  a  comprehensive  survey. 
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Japanese  workers  reported  that  nickel  plus  20  per  cent  of  manganese 
oxide  and  4-8  per  cent  of  thoria,  alumina,  tungstic  oxide,  or  uranium 
oxide,  mixed  with  1.25  times  its  weight  of  kieselguhr,  yielded  100-160 
cc  (70-112  g)  of  liquid  hydrocarbons  per  cu  m  of  2H2  +  ICO  per  pass  at 
a  space  velocity  (volumes  of  gas  per  volume  of  catalyst  per  hour)  ol  about 
150  and  at  optimum  temperatures  in  the  range  185°-210°C.65  1,7  Cobalt 
catalysts  containing  5-10  per  cent  of  copper,  4-12  per  cent  ol  manganese 
oxide,  and  4-12  per  cent  of  thoria,  alumina,  or  uranium  oxide  mixed 
with  1.25  times  their  weight  of  kieselguhr  yielded  120-170  cc  (84-119  g) 
of  liquid  hydrocarbons  per  cu  m  of  2H2  +  ICO  per  pass  under  the  same 
conditions  of  space  velocity  and  temperature  as  given  above  for  nickel 
catalysts.65-67  The  cobalt  catalysts  were  prepared  by  impregnation  of 
kieselguhr  with  the  metal  nitrates  and  subsequent  decomposition  by 
roasting;  their  activity  when  thus  prepared  was  about  the  same  as  when 
they  were  produced  by  precipitation  from  aqueous  solutions.68  The 
precipitation  method  was,  however,  preferable  for  the  preparation  of 
nickel  catalysts.69 

The  I.G.  Farben.  laboratory  at  Oppau  70  reported  that  a  cobalt  cata¬ 
lyst  containing  1  per  cent  ol  silver  and  precipitated  upon  fine-pored  silica 
gel  was  as  efficient  as  the  Ruhrchemie  standard  Co-Th02-kieselguhr 
catalyst.  In  addition,  it  was  reported  to  have  the  advantages  of  a  saving 
in  thorium,  of  reproducibility  in  the  synthesis  reactor,  and  of  longer 
catalyst  life. 

In  1938,  the  I.G.  Farben.  laboratory  at  Leuna  71  reported  two  active 
cobalt  catalysts,  one  promoted  by  uranium  and  the  other  by  magnesium. 


66  K.  Fujimura  and  S.  Tsuneoka,  J.  Soc.  Chem.  Ind.  Japan,  36,  Suppl  Binding 
119-21,413-6  (1933).  & 


66  G.  Kita,  ./.  Fuel  Soc.  Japan,  16,  60-2  (1937). 
07  S.  Tsutsumi,  ibid.,  16,  55-60  (1937). 


fiN  S'  Tsutsumi,  Sci.  Papers  Inst.  Phys.  Chem.  Research  (Tokyo)  35  481-6 
36,  47-52  (1939).  ’  ’ 


(1939); 


69  S.  Tsutsumi,  ibid.,  36,  251-61  (1939). 

°  H-  Zorn,  The  CO-H2  Synthesis  at  I.G.  Farben. 
Final  Rept.  1,267  (1949). 

71  T.O.M.  Reel  134,  Section  la,  Item  8. 


PB  97,368  (1949);  F.I.A.T. 
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Catalyst  WK925,  of  composition  40Co:20U308:40  kieselguhr,  parts  by 
weight,  and  containing  0.01  per  cent  sodium,  was  prepared  by  a  slow 
procedure,  as  follows:  At  room  temperature,  a  15  per  cent  solution  of 
Na2C03  was  added  with  vigorous  agitation  over  a  period  of  5  hr  to  a  15 
per  cent  solution  of  Co(N03)2-6H20  in  which  the  kieselguhr  was  sus¬ 
pended.  A  10  per  cent  excess  of  the  stoichiometric  equivalent  of  pre¬ 
cipitant  was  used.  Separately,  a  20  per  cent  ammonia  solution  was 
added  to  a  15  per  cent  uranyl  nitrate  solution  [U02(N03)2 -6H20]  until 
piecipitation  was  complete.  The  precipitated  ammonium  uranate  was 
washed  by  decantation  with  distilled  water  at  20°C  and  then  repeatedly 
on  the  filter.  The  precipitate  of  ammonium  uranate  was  ground  into 
the  cobalt-kieselguhr  slurry  by  mixing  the  two  components  in  a  porcelain 
ball  mill  for  several  hours.  This  method  of  adding  the  uranium  to  the 
catalyst  produced  more  rigid  granules  than  simple  mixing  of  the  cobalt- 
kieselguhr  paste  with  uranyl  nitrate.  The  catalyst  paste  was  spread  on 
aluminum  foil  and  dried  at  100°-120°C.  The  dried  product  had  a  bulk 
density  of  0.45  g  per  cc  when  broken  into  1-cm  cubes. 

Catalyst  WK1111,  of  composition  46.5Co:7.0MgO:46.5  kieselguhr, 
parts  by  weight,  was  prepared  by  a  rapid  procedure  in  the  following 
manner :  A  solution  containing  the  nitrates  of  cobalt  and  magnesium  was 
added  in  2  min  to  a  10  per  cent  solution  of  sodium  carbonate  at  95°- 
100°C.  Kieselguhr  4S  was  added.  The  suspension  was  filtered  and 
washed  at  90°-100°C  on  the  filter  until  the  filtrate  no  longer  gave  a  pos¬ 
itive  test  for  nitrate.  The  catalyst  cake  was  dried  in  an  oven  at  120°C. 

These  catalysts  were  reduced  on  a  laboratory  scale  at  370°  C  and  an 
hourly  space  velocity  of  hydrogen  of  375  for  3-4  hr.  When  tested  for 
40-50  days  in  water-cooled  laboratory  converters  of  150-cm  overall 
length  and  15-mm  O.D.,  hydrocarbon  yields  of  90-100  g  per  cu  m  ot 
2H2  +  ICO  (STP)  in  the  feed  gas  were  produced.  The  average  composi¬ 
tion  of  the  synthesis  gas,  in  volume  per  cent,  was  70H2,  2800,  0.8CO2, 
0.4CH4,  and  0.8N2.  The  contraction  was  maintained  at  55-60  per  cent. 
Reactivation  of  the  catalysts  at  the  end  of  30-50  days  of  synthesis  was 
done  by  extraction  with  xylene  at  a  temperature  5-10°C  below  its  boiling- 
point  or  by  hydrogenation  at  synthesis  temperature  (180  -200  C).  At 
200°  C  and  an  hourly  space  velocity  of  hydrogen  of  300,  the  initial  ac¬ 
tivity  was  restored  in  12  hr. 

Figure  28  shows  the  normal  composition  of  the  product  obtained  from 
I.G.  Farben.,  Leuna,71  cobalt  catalysts  of  equal  activity,  when  tested 
under  similar  synthesis  conditions.  Conspicuous  in  the  distillation  curve 
was  the  absence  of  C2  compounds.  With  the  increase  in  operating  tem¬ 
perature  that  is  normally  required  to  maintain  the  desired  conversion 
a  gradual  shift  in  the  direction  of  low-boiling  products  was  obtained. 
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Distillation  was  carried  out  at  atmospheric  pressure  up to  ;  300°-320°C 
The  residue  consisted  of  solid  hydrocarbons  melting  at  20  o0  C,  t 


C  number  was  20-22  and  molecular 
weight  280-310.  The  higher-molec¬ 
ular-weight  paraffins  were  removed 
from  the  catalyst  by  extraction  w  it  h 
solvents.  The  number  of  carbon 
atoms  was  2G  anti  above,  and  the 
mp  70°-90°C.  The  low-boiling  prod¬ 
ucts  were  relatively  less  saturated 
than  the  high-boiling  fractions. 
The  total  amount  of  unsaturates 
depends  on  the  nature  of  the  cat¬ 
alyst  and  the  hydrogen  content 
and  flow  velocity  of  the  synthesis 
gas.  Table  26  shows  the  olefin 
content  obtained  from  an  I.G. 
Farben.,  Leuna,71  cobalt  catalyst 


CARBON  NUMBER  OF  HYDROCARBONS 

Figure  3-28.  Distribution  of  hydrocar¬ 
bons  from  cobalt  catalysts.  (Distillation 
at  atmospheric  pressure.)  Constructed 
from  data  in  reference  71. 

containing  22  per  cent  of  thoria. 


Table  26.  Olefin  Content  of  Liquid  Product  from  C0-TI1O2  Catalyst 
(I.G.  Farben.,  Leuna,  Nov.  22,  1038,  converter  3.) 


Boiling  Range  of 

Olefins, 

Fraction,  °C 

per  cent  0 

35-100 

24.0 

100-125 

24.3 

125-150 

22.5 

150-175 

11.8 

175-200 

10.2 

200-225 

7.3 

225-250 

4.6 

250-275 

3.8 

275-305 

4.0 

°  Based  on  Br  number. 


Tsuneoka  and  Murata  72  and  Tsutsumi  73  reported  that  a  precipitated 
catalyst  containing  equal  parts  of  cobalt  and  nickel  without  the  addition 
ot  promoters  such  as  thoria  or  alumina  was  a  poor  one  for  the  hydro¬ 
carbon  synthesis.  They  stated  that  their  most  active  catalyst  was  a 
mixture  of  equal  parts  of  nickel  and  cobalt  plus  20  per  cent  manganese 


72  S.  Tsuneoka  and  Y.  Murata,  Sci.  Papers  Inst.  Phys.  Chew.  Research  (Tokyo),  34, 
280-94  (1938);  J.  Soc.  Chew.  Ind.  .Japan,  41,  Suppl.  Binding,  52-7  (1938). 

,  S-  Tsuteumi,  J.  Fuel  Soc.  Japan,  14,  110-0  (1935);  ./.  Chew.  Soc.  Japan  58 
990  ,006  (1937);  Set.  Papers  Inst.  Phys.  Chew.  Research  (Tokyo)  35,  435-40  (1939V 
ibid.,  36,  335-43  (1939).  ’  ’  v 
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oxide,  20  per  cent  uranium  oxide,  and  125  per  cent  of  kieselguhr  (the 
percentages  are  based  on  the  amount  of  nickel  plus  cobalt  present). 
Katayama  and  his  coworkers  74  reported  that  the  activity  of  a  cobalt- 
nickel(l:l)-manganese-uranium-thorium  oxide  catalyst  was  increased 
by  approximately  10  per  cent  if  it  was  oxidized  at  about  20°C  by  a  slow 
stream  (hourly  space  velocity  of  about  150)  of  air  before  its  final  reduc¬ 
tion. 

In  1938,  Ruhrchemie  75  made  tests  at  atmospheric  pressure  of  2H2  + 
ICO  and  185°C  with  cobalt-nickel  catalysts  prepared  by  procedures 
described  in  Japanese  publications.  The  results,  in  general,  confirmed 
the  reports  of  the  Japanese,  in  that  manganese,  uranium  oxide,  thorium 
oxide,  beryllium  oxide,  and  aluminum  oxide  were  good  promoters  for 
cobalt-nickel  catalysts.  The  results  summarized  in  Table  27  showed 


Table  27.  Ruhrchemie  Co-Ni  Catalysts,  1938 
(Synthesis  Conditions:  Atmospheric  Pressure  of  2H2  +  ICO,  185°C.) 


Catalyst  Composition 

parts  by  weight  a 

Av 

Contraction, 
per  cent 

C5+  Product, b 
g  per  cu  m  of 
2H2  +  ICO 

Co 

Ni 

Th02 

Mn 

MgO 

uo2 

Kg 

100 

5 

8 

200 

70 

127 

75 

25 

5 

8 

200 

62 

108 

66 

33 

5 

8 

200 

62 

108 

50 

50 

5 

8 

200 

55 

93 

25 

75 

5 

8 

200 

45 

65 

75 

25 

15 

200 

66 

120 

50 

50 

15 

200 

67 

112 

40 

60 

5 

5 

200 

70 

127 

35 

65 

5 

5 

200 

69 

115 

30 

70 

5 

5 

200 

65 

112 

25 

75 

5 

5 

200 

66 

107 

10 

90 

5 

5 

200 

65 

100 

50 

50 

3 

15 

5 

125 

69 

127 

«  Reduction  temperature  250-350 °C.  6  Average  values  for  600  hr  at  185 °C. 


that  50Co:50Ni:3ThO2: 15Mn:5U02: 125  kieselguhr  and  40Co:60Ni: 
5Mn:5U02:200  kieselguhr,  parts  by  weight  of  Co  +  Ni,  were  reasonably 
active  catalysts.  The  catalysts  containing  nickel  and  cobalt  differed 


I.  Katayama,  Y.  Murata,  II.  Koide,  and  S.  Tsuneoka,  ibid.,  34,  1,181-96  (1938); 
./.  Soc.  Chem.  Ind.  Japan,  41,  Suppl.  Binding,  393-9  (1938). 

75  F.I.A.T.  Reel  K21,  Frames  914-7. 
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from  cobalt  catalysts  in  the  following  respects:  gas  fraction  was  larger, 
boiling  range  of  products  was  lower,  saturated  content  of  product  was 
higher  probably  because  of  the  higher  hydrogenating  capacity  of  niche  , 
and  catalyst  granules  were  softer.  The  I.G.  Farben.  laboratory  at  Op- 

pau  reported  that  the  cobalt-nickel-manganese-uramum-kieselguhi  cata¬ 
lyst  producing  the  same  yield  as  the  Ruhrchemie  standard  cobalt-thona- 
kieselguhr  catalyst  was  noteworthy  because  it  produced  large  fractions 
of  paraffin.  I.G.  Farben.  attributed  this  condensing  property  to  the  in¬ 
fluence  of  the  uranium. 

Another  method  of  preparing  active  nickel  and  cobalt  catalysts  was 
invented  by  Raney.76  Alloys  of  nickel  or  cobalt  or  both  with  aluminum 
or  silicon  were  prepared  by  lusion  ol  the  constituents  in  an  induction 
furnace.  The  aluminum  or  silicon  was  subsequently  dissolved  by  aque¬ 
ous  sodium  hydroxide,  leaving  a  “skeleton  oi  nickel  or  cobalt,  which  is 
a  highly  porous  material.  Fischer  and  Meyer  77  investigated  the  suit¬ 
ability  of  skeletal  catalysts  for  the  hydrocarbon  synthesis.  The  data 
obtained  by  passing  synthesis  gas  containing  approximately  23  per  cent 
CO  and  4G  per  cent  II2  at  atmospheric  pressure  over  5  g  of  nickel  or  nickel 
+  cobalt,  distributed  over  a  layer  30  cm  long,  at  a  flow  rate  of  4  1  per  hr 
are  summarized  in  Table  28.  The  results  show  that  the  use  of  silicon 
yielded  catalysts  of  higher  activity  than  those  obtained  from  aluminum 
alloys,  that  the  optimum  weight  ratio  of  nickel  to  cobalt  was  1:1,  and 
that  the  presence  of  kieselguhr  and  small  amounts  of  potassium  car¬ 
bonate,  copper,  or  manganese  was  undesirable.  Preliminary  hydrogen 
reduction  at  350°C  of  nickel-cobalt  catalyst  prepared  from  nickel-cobalt- 
silicon  alloy  was  not  essential;  reduction  by  hydrogen  at  200°C  and  by 
hydrogen-ammonia  mixture  at  200° C  produced  a  slight  improvement 
in  the  activity  of  the  catalyst.  The  catalyst  of  composition  50Ni:50Co: 
lOOSi  was  very  dense  with  an  apparent  specific  gravity  of  4.5  and  yielded 
about  20  per  cent  less  liquid  product  in  the  hydrocarbon  synthesis  than 
was  obtained  by  Fujimura  and  coworkers  78  from  the  same  weight  of 
nickel  plus  cobalt  in  the  form  of  precipitated  catalysts.  The  precipitated 
catalysts  deteriorated  more  slowly  than  the  “skeleton”  alloy  catalysts, 
which,  however,  were  better  heat  conductors.  Because  the  reaction  is 
markedly  exothermic,  the  improved  heat  conductivity  would  result  in  a 
lower  cost  of  plant  installation  with  alloy  catalysts. 

76  M-  Raney>  U.  S.  Patents  1,563,587  (1925),  1,628,190  (1927),  1,915  473  (1933)- 
J.  Am.  Chem.  Soc.,  54,  4,116-7  (1932). 

77  F;  Fischer  and  K.  Meyer,  Brennstoff-Chem.,  15,  84-93,  107-10  (1934). 

78  K.  fujimura  and  S.  Tsuneoka,  J.  Soc.  Chem.  Ind.  Japan,  36,  Suppl.  Binding 

'■  **  «•  ~  (1937);  &  Tsutsum^; 
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Table  28. 


Nickel,  Cobalt,  and  Nickel-Cobalt  “Skeleton” 


Alloy  Catalysts 


(d  g  Ni  +  Co,  flow  rate  4  1  per  hr  of  gas  containing  23  per  cent  CO  +  46  per  cent  H2, 

atmospheric  pressure.) 


Composition, 
parts  by  weight 

Reduction 

Sy  nt  hesis 

Tempera¬ 
ture,  °C 

Conditions 

Contrac¬ 
tion, 
per  cent 

Liquids,  g  per  cu  m  of 
2H2  +  ICO 

Clas 

°C 

Gaso¬ 

line 

Diesel 

Oil 

Total 

lOONi :  100A1  « 

None 

207 

39 

27 

3 

30 

lOONi:  100A1  ° 

h2 

350 

187 

44 

32 

19 

51 

lOONi:  100A1  b 

h2 

350 

195 

52 

55 

20 

75 

lOONi:  200 A1  h 

h2 

350 

206 

43 

30 

13 

43 

lOONi:  400 A1  h 

h2 

350 

206 

32 

23 

10 

33 

lOONi  :46A1  h 

h2 

350 

206 

0 

0 

0 

0 

lOONi:  100A1 f 

Non 

e 

205 

38 

20 

6 

26 

lOONi:  100A1 c 

h2 

350 

207 

30 

25 

12 

37 

lOONi  :100Si 

Non 

e 

205 

37 

38 

16 

54 

lOOCo:  lOOSi 

None 

1 

205 

40 

50 

18 

68 

50Ni:50Co:  lOOSi  d 

1 

None 

198 

55 

56 

40 

96 

50Ni:50Co:  100Si« 

None 

198 

51 

58 

32 

90 

50Ni:50Co:  lOOSi  d 

Ho 

350 

202 

47 

50 

28 

78 

50Ni:50Co:  lOOSi  d 

None 

192 

54 

56 

30 

86 

50Ni:50Co:  lOOSi 

h2 

200 

192 

55 

55 

34 

89 

50Ni:50Co:  lOOSi 

h2-nh3 

200 

192 

52 

52 

39 

91 

«  Alloy  ground  in  a  mortar  and  heated  on  water  bath  in  excess  of  sodium  hydroxide 
for  5  hr. 

b  Pulverized  alloy  refluxed  with  sodium  hydroxide  for  4  hr. 
c  Contained  80  parts  by  weight  of  kieselguhr. 

a  Granules.  Fused  melt  broken  into  6-mm  granules,  which  were  refluxed  for 
20  hr  with  sodium  hydroxide. 
e  Powder. 


Pretreatment  with  hydrogen  appears  to  be  desirable  for  the  nickel 
catalyst  obtained  from  a  nickel-aluminum  alloy.  The  latter  catalyst, 
as  well  as  those  obtained  from  alloys  of  nickel  with  silicon,  with  man¬ 
ganese  and  silicon,  and  with  iron  and  aluminum,  is  markedly  inferior 
to  the  nickel-cobalt  catalyst  prepared  from  a  nickel-cobalt-silicon  alloy. 
These  results  were  confirmed  by  the  investigations  of  Tsuneoka  and  his 
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coworkers,79"82  who  reported  also  that  the  catalyst  obtained  from  a 
nickel-cobalt-magnesium  alloy  is  a  very  poor  one.  Examination  of 
polished  and  etched  sections  under  the  microscope  indicates  a  much 
coarser  crystal  structure  for  it  than  for  the  nickel-cobalt-silicon  alloy.' 82 

Fischer  and  Meyer  77  reported  that  the  best  nickel  catalyst  was  pre¬ 
pared  by  refluxing  the  pulverized  nickel-aluminum  alloy  with  sodium 
hydroxide  for  4  hr.  The  nickel-cobalt-silicon  fused  melt  was  broken 
into  6-mm  granules  which  were  refluxed  for  20  hr  with  sodium  hydi  oxide 
for  optimum  results.  The  Japanese  investigators  79-82  found  that  the 
optimum  particle  size  for  a  space  velocity  of  about  100  with  a  nickel- 
cobalt  (1:1)  catalyst  prepared  from  the  alloy  nickel-cobalt-silicon  (1:1:2 
parts  by  weight)  was  1-4  mm.  The  yield  of  liquid  hydrocarbons  was 
about  130  cc  (93  g)  per  cu  m  of  synthesis  gas.  The  efficiency  of  the 
catalyst  at  constant  gas  input  for  a  given  amount  of  catalyst  diminished 
when  the  free  space  exceeded  or  fell  below  a  certain  optimum  value, 
which  varied  with  the  diameter  of  the  reaction  tube.  Thus,  for  10  g  of 
nickel-cobalt  (1:1)  catalyst  and  4  1  per  hr  of  synthesis  gas,  the  optimum 
length  for  13-mm  tubing  was  about  30  cm;  for  20-mm  tubing  it  was  50 
cm.  If  the  length  was  shorter  than  the  optimum,  the  average  molecular 
weight  of  the  liquid  hydrocarbon  product  decreased  and  more  gaseous 
hydrocarbons  were  produced.  This  effect  was,  presumably,  the  result 
of  higher  local  temperatures  when  the  catalyst  was  packed  into  a 
smaller  space.  If  the  free  space  exceeded  the  optimum  value,  a  lower 
yield  per  pass  was  obtained  owing  to  “channeling”  of  the  gas. 

At  constant  gas  input,  tube  diameter,  and  bulk  density  (grams  of 
catalyst  per  cubic  centimeter),  and  with  varying  quantities  of  catalyst 
(ie,  varying  space  velocities),  a  limiting  value  was  reached  that  de¬ 
pended  on  other  reaction  conditions.  A  further  increase  in  the  quantity 
of  the  nickel-cobalt  catalyst  (decrease  in  space  velocity)  did  not  in¬ 
fluence  the  yield  of  liquid  hydrocarbons  but  increased  the  yield  of  carbon 
dioxide  and  gaseous  hydrocarbons.  With  less  than  the  limiting  amount 
of  catalyst  (ie,  at  higher  space  velocities),  the  liquid  product  was  of 
lower  molecular  weight  and  also  it  contained  more  olefins.  For  a  tube 
diameter  of  8  mm,  a  bulk  density  of  catalyst  corresponding  to  10  g  per 


2  o'  Jsuncoka>  J-  Soc-  Chem-  Ind-  Japan,  37,  Suppl.  Binding,  738-44  (1934). 

S.  Tsuneoka  and  Y  Murata,  ibid.,  38,  Suppl.  Binding,  199-212  (1935);  39,  Suppl 

cZmR  7  W7M36  ;  in  Hindi"K-  438~49  (1937)i  Sci.  Papers  Inst.  PhyS. 

them.  Research  {Tokyo),  30,  1-29  (1936);  33,  305-12  (1937) 

”  ,Y‘  M0U*'f a’  S-  Tsuneoka-  and  S.  Ishikawa,  J.  Soc.  Chem.  Ind.  Japan  39  Sunni 

52-9  0936)  325~33  °n36);  ^  "*•  ^arZrXt)%, 

<1937>' J  **  «*"■  M. 
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18  cm  of  tube  length,  and  a  gas  input  of  4  1  per  hr,  the  best  yield  obtained 
with  22  g  of  a  nickel-cobalt  catalyst  at  180°  C  was  127  cc  (91  g)  per  cu  m 
of  synthesis  gas. 


Product  Distribution 


The  early  German  objective  in  studying  the  synthesis  was  to  produce 
synthetic  gasoline  and  motor  fuel.  During  the  ensuing  years,  it  became 
apparent  that  these  products  were  poorer  in  quality  than  the  corre¬ 
sponding  fractions  from  the  hydrogenation  of  coal  and  that  the  higher- 
molecular-weight  fractions  were  an  excellent  source  of  organic  chemicals. 
The  paraffin  fraction  was  of  considerable  importance  in  Germany  during 
World  War  II  as  raw  material  for  the  manufacture  of  synthetic  deter¬ 
gents,  soaps,  and  lubricants.  As  shown  in  Table  10  (p  151),  paraffin  wax 
comprised  between  1 1  and  30  per  cent  by  weight  of  the  C3+  hydrocarbon 
product,  depending  on  the  pressure  at  which  the  synthesis  was  carried 
out.  After  the  conclusion  of  World  War  II,  key  personnel  of  companies 
operating  the  Fischer-Tropsch  plants  who  were  interrogated  in  1945  were 
strongly  of  the  opinion  that  under  conditions  of  normal  German  peace¬ 
time  economy,  the  process  should  be  utilized  for  the  production  of  ali¬ 
phatic  chemicals  and  special  products  such  as  waxes  and  high-grade 
lubricants,  rather  than  fuels.39 

It  was  shown  in  an  earlier  section  in  this  chapter  (p  175)  that  the  na¬ 
ture  of  the  kieselguhr  influences  the  yields  and  life  of  the  catalyst  but 
not  the  distribution  of  products.  However,  the  quantity  of  kieselguhr 
influences  the  product  distribution  through  its  effect  upon  the  density 
of  the  catalyst.  The  nature  of  the  other  components  in  the  catalyst  also 
affects  the  distribution  of  products,  as  will  be  shown  in  the  following 


pages. 

In  1937-1938,  Ruhrchemie  83  described  the  use  of  diluted  cobalt 
and  cobalt-nickel  catalysts  for  increasing  the  low-boiling  liquid  fraction 
(boiling  below  195°C).  Tests  made  at  10  atm  pressure  of  2H2  +  ICO 
and  summarized  in  Table  29  showed  that,  as  the  cobalt  content  of  the 
catalyst  was  decreased  from  32  to  5  per  cent,  the  temperature  required  to 
maintain  the  CL  conversion  increased  from  185°  to  240°C.  The  low- 
boiling  oil  fraction  in  the  product  increased;  the  Diesel  oil  (195  320  C) 
and  methane  fractions  remained  constant;  and  the  wax  fraction  de¬ 
creased.  In  the  last  two  experiments,  in  which  the  cobalt  content 
was  3  and  2  per  cent,  respectively,  the  activity  of  the  catalyst  was 
sharply  curtailed.  Replacement  of  25  per  cent  of  the  cobalt  m  catalyst 
1  by  nickel  (experiment  8,  Table  30)  resulted  in  a  product  similar  in 
distribution  to  that  obtained  in  experiment  5,  Table  29,  in  which  e 

83  T.O.M.  Reel  37,  Bag  3,451,  Item  23. 


Table  29.  Ruhrchemie  Tests  with  Diluted  Cobalt  Catalyst  at  10  atm  of  2H2  +  ICO  (1937-1938) 

(Reduction:  350°C,  300  1  H2  +  N2  per  hr,  f  hr.) 
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0  Fadenkorn. 

b  Space  velocity  (volume  of  gas  per  volume  of  catalyst  per  hour)  was  constant  in  all  experiments. 
c  CO2  was  14  per  cent  of  CO  converted. 
d  Defined  as  ratio  of  C3+  :Ci  +. 

*  Calculated  on  the  basis  of  95  per  cent  CO  conversion. 
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I  able  30.  Ruhrchemie  Tests  with  Cobalt-Nickel  Catalyst  at  10  atm  of 

2H2  -f  ICO  (1937-1938) 

(Reduction:  350  C,  300  1  H2  N2  per  hr,  ^  hr.) 


Experiment  No. 

8 

9 

10 

11 

12 

Composition,  parts  by  weight 

75Co:25Ni: 

75Co:25Ni: 

75Co:25Ni: 

50Co:50Ni: 

50Co:  50Ni: 

15ThO2:200 

15ThO2:600 

15Th02: 1,000 

15ThO2:200 

15Th02: 2,000 

kieselguhr 

kieselguhr 

kieselguhr 

kieselguhr 

kieselguhr 

Co  -f-  Ni  content,  per  cent 

32 

14 

9 

C0 

to 

11 

Co  +  Ni  density,  g  Co  +  Ni 

per  1  reduced  catalyst 

82 

42 

25 

77 

5 

Temperature,  °C 

185-195 

200-205 

230-235 

195-200 

260 

Throughput,  1  synthesis  gas 

per  g  Co  +  Ni  per  hr  “ 

1 

2.1 

3.6 

1 

8.4 

CO  converted,  per  cent 

80 

74 

75 

78 

66 

CH4,  per  cent  of  CO  con- 

verted 

8 

10 

13 

15 

36 

Gasol,  per  cent  of  CO  con- 

verted 

9 

16 

Degree  of  liquefaction  6 

90 

86 

70 

60 

C 

Yields,  g  per  cu  m  2H2+1C0 

Observed 

111 

91 

93 

97 

Calculated  d 

132 

117 

118 

118 

Distribution,  weight  per  cent 

To  195°C  (gasoline) 

57 

59 

58 

60 

195°-320°C  (Diesel  oil) 

33 

35 

40 

33 

Over  320°C  (wax) 

10 

6 

1 

7 

Olefins,  volume  per  cent 

In  gasoline 

12 

23 

25 

12 

In  Diesel  oil 

7 

16 

19 

5 

n  Space  velocity  was  constant  in  all  experiments. 

Defined  as  ratio  of  C3-H: Cj-|-. 

c  Liquefaction  small.  At  66  per  cent  CO  converted,  the  yield  of  liquid  products  was  only  42  g  per  cu  m  2H2  +  ICO. 
d  Calculated  on  the  basis  of  95  per  cent  CO  conversion. 


catalyst  composition  was  lOOCo :  15Th02 : 2,000  kieselguhr.  The  product 
from  the  nickel-containing  catalyst  was  more  saturated,  lhe  synthesis 
temperature  was  much  lower  (185°— 195  C)  in  experiment  8  than  in  ex¬ 
periment  5.  Dilution  of  the  catalyst  containing  75Co:25Xi  (experi¬ 
ments  9  and  10,  Table  30)  produced  no  further  change  in  the  -195°C 
fraction  but  did  increase  the  Diesel  oil  fraction,  lhe  total  yields  from 
the  nickel-containing  catalysts  were  smaller  than  those  from  the  cobalt 
catalysts.  The  product  distribution  from  experiment  11  (50Co:50Ni) 
was  similar  to  that  obtained  in  experiment  8.  Even  larger  low-boiling 
oil  fractions  were  reported  from  50Co:50Ni:  15Th02:  (2-5)Mn:200 
kieselguhr  catalysts  operated  at  190°-193°C  (as  compared  with  195°- 
200° C  in  experiment  1 1,  Table  30)  and  10  atm  of  2H2  +  ICO,  as  shown 


Product  Distribution 


195 


Table  31.  Ruhrchemie  Tests  with 

Cobalt-Nickel 

Catalysts  at  10  atm  of 

2h2  +  ICO  (1938)  at  Normal  Throughput0 

Catalyst 

50Co:50Ni:15ThO2: 

50Co:50Ni:15ThO2: 

2Mn 

:200  Kieselguhr 

5Mn:200  Kieselguhr 

Temperature,  °C 

193 

190 

Contraction,  per  cent 

49 

47 

CO  conversion,  per  cent 

64 

60 

To  CH4,  per  cent 

30 

25 

H2  conversion,  per  cent 

69 

67 

CO  +  H2  conversion,  per  cent 

66 

64 

Use  ratio,  H2:CO 

2.16 

2.18 

Yields 

Gasol 

C5  +  total 

Gasol  C5+  total 

g  per  cu  m  feed  gas 

Product  distribution 

10 

75  85 

8  70  78 

Boiling  range,  °C 

<200 

200-320  >320 

<200  200  320  >320 

Weight  per  cent 

Olefins,  volume  per  cent 

72 

24  4 

69  27  4 

Gasoline,  <200°C 

22 

20 

Diesel  oil,  200°-320°C 

11 

8 

Octane  number,  gasoline 

31 

.  • 

“  Presumably  1  1  synthesis  gas  per  g  Co  +  Ni  per  hr 


in  Table  31. 84  In  these  experiments,  the  methane  yield  was  high  and 
the  total  yields  low. 

Additional  data,  obtained  during  synthesis  at  10  atm  of  2H2  +  ICO 
and  temperatures  of  170°-190°C  at  the  Ruhrchemie  Sterkrade  labora¬ 
tories  and  summarized  in  Tables  32  and  33,  show  the  shift  in  distribu¬ 
tion  of  the  products  from  a  predominantly  low-boiling  oil  to  a  high- 
molecular- weight  wax,  with  change  in  catalyst  composition.  The  cata¬ 
lyst  which  produced  a  large  wax  fraction  contained  no  nickel  and  less 
than  the  normal  amount  of  kieselguhr;  its  composition  was  lOOCo: 
15Th02 : 140  kieselguhr. 

Other  tests  showed  that  a  high  wax  fraction  could  be  obtained  from 
catalysts  containing  very  small  quantities  of  kieselguhr.  When  the 
thoria  was  replaced  by  manganese  oxide,  the  catalyst  was  operated 
at  a  significantly  low  temperature  and  produced  high  paraffin  yields. 
Roelen  29,35’8&  reported  in  1940  that  a  cobalt  catalyst  containing  man¬ 
ganese  was  active  at  a  temperature  of  1G5°-170°C  and  produced  large 
quantities  of  solid  paraffin.  This  catalyst,  whose  optimum  composition 
was  lOOCo:  15Mn:  12.5  kieselguhr,  was  prepared  as  follows:  A  solution 
of  cobalt  and  manganese  nitrates  containing  25  g  Co  and  3.75  g  Mn  in 

84  F.I.A.T.  Reel  K21,  Frames  906-10,  1,119-21. 

85  F.I.A.T.  Reel  K21,  Frames  1,093-7. 
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Table  32.  Effect  of  Composition  of  Co  and  Co-Ni  Catalysts  upon 

Distribution  of  Products 


(Pressure  synthesis  using  2H2  +  ICO;  amount  of  catalyst,  4-8  g  of  Co  or  Co  +  Ni; 

throughput  of  gas,  4-8  1  per  hr.) 


Hydrocarbon  Products 

Cata¬ 

lyst 

Composition 

Pres¬ 

sure, 

Temper¬ 

ature, 

Hours 

of 

Liquids, 

Ka 

Catalyst  Wax  6 

No. 

atm 

°C  . 

Test 

per  cu  m 

Per 

g  a 

Av 

Max 

Cent 
of  Co 

per 

cu  m 

13 

100Co:15ThO2: 

140  kieselguhr 

10 

175-190 

GOO 

100 

124 

Not  observed 

15 

lOOCo:  15Ce02: 

140  kieselguhr 

10 

170-195 

180 

55 

63 

Not  observed 

17 

lOOCo  :13.5Th02: 
225  kieselguhr  c 

10 

175-185 

353 

65 

102 

640 

23 

20 

lOOCo  :18Th02: 
400  kieselguhr 

3 

170-190 

329 

56 

72 

750 

16 

27 

lOOCo  :15Th02: 

140  kieselguhr  d 

10 

170-175 

332 

35 

43 

248 

13 

25 

90Co:  lONi: 
15ThO2:200 
kieselguhr 

10 

170-190 

543 

65 

77 

612 

15 

24 

75Co:25Ni: 

15ThO2:200 

kieselguhr 

10 

170-185 

543 

50 

75 

312 

8 

18 

53Co:47Ni: 
25Th02 : 160 
kieselguhr 

10 

170-190 

525 

54 

69 

250 

5 

a  Per  cubic  meter  2H2  +  ICO. 

h  Determined  by  extraction  of  catalyst  with  benzene. 
c  Precipitated  with  (NH^COs- 
d  Used  CO:H2  =  1:2.8. 


500  cc  distilled  water  was  heated  to  boiling  and  added  quickly  to  a 
stirred  boiling  solution  containing  62  g  anhydrous  sodium  carbonate  dis¬ 
solved  in  750  cc  distilled  water.  Immediately,  3.2  g  kieselguhr  uas 
stirred  in.  The  kieselguhr  had  previously  been  washed  with  hot  nit  "< 
|,,id  and  then  heated  to  500°-600°C.  The  catalyst  mixture  was  filtered 
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at  once,  washed  with  3  1  of  hot  distilled  water,  and  then  dried  in  air  at 
(5q°_75°q  it  was  reduced  at  400°C  for  1  hr  with  a  mixtuie  of  75  pci 
cent  hydrogen-25  per  cent  nitrogen  passed  at  a  space  velocity  of  0,000 
(volumes  of  gas  per  volume  of  catalyst  per  hour).  Synthesis  at  10  atm 
of  synthesis  gas  containing  2IIo  ~\~  ICO  at  a  space  velocity  of  100  and  a 


Table  33.  Properties  of  Liquid  Products  of  Co  and  Co-Ni  Catalysts 


Catalyst  No." 

24 

27 

20 

13 

Hours  of  Test 

1-279 

279-543 

332 

329 

000 

Density  at  15°C 

0.747 

0.720 

0.735 

0.751 

The  product  had 

Olefin,  volume  per 

the  character 

cent 

10 

4 

of  “Gatsch,” 

Neutralization 

soft  wax 

number 

Saponification 

number 

10.2 

4.9 

Cloud  point,  °C 

-  8 

-10 

-10 

+  4 

Pour  point,  °C 

-18 

-22 

-20 

-  1 

Weight  per  cent 

Light  oil, 

<200°C 

03 

58 

58 

42 

24 

Middle  oil, 

200o-320°C 

31 

33 

30 

44 

25 

Wax,  >320°C 

6 

9 

0 

14 

51  6 

°  See  Table  32. 

b  This  fraction  was  distributed  as  follows:  50  per  cent,  mp  47 °C;  28  per  cent 
mp  78°C;  22  per  cent,  mp  101°C. 


temperature  that  was  increased  from  100°  to  175°C  during  a  period  of 
5  months  produced  120  g  C3+  hydrocarbons  per  cu  m  of  feed  gas.  This 
corresponded  to  75  per  cent  conversion  of  carbon  monoxide.  During 

Taei,k  343  m°nthS  the  COmposition  of  the  Products  changed,  as  shown  in 


n  1941,  the  Ruhrchemie  reported  a  comparative  study  of  the 
thorium-  and  manganese-containing  wax-producing  catalysts.  They 
were  precipitated  and  washed  under  normal  conditions.  '  The  cobait 

catalyst  °340°  Was  150  8  pCT  1 1  the  bulk  density  of  the 

catalyst  340  g  per  1.  It  was  observed,  as  shown  in  Table  35,  that  the 

86  F.I.A.T.  Reel  K21,  Frames  991-3,  1,116-8. 


198  Development  of  Fischer -Tropsch  Catalysts 

Table  34.  Products  Obtained  from  IOOCo:  15Mn :  12.5  Kieselguhr  Catalyst 


Fraction, 
per  cent 

Boiling 
Range,  °C 

Time,  hr 

1-552 

552-1,099 

1,099-1,720 

1,720-2,240 

Gasoline 

<200 

21.0 

13.9 

6.1 

5.0 

Diesel  oil 

200  320 

20.5 

16.0 

14.7 

16.7 

Soft  wax 

320-460 

25.8 

22.9 

23.8 

21 .5 

Hard  wax 

>460 

32.7 

47.2 

55.4 

56.8 

Total  wax 

>320 

58.5 

70.1 

79.2 

78.3 

Table  35.  Ruhrchemie  Wax-Producing  Catalysts 
(Synthesis  at  10  atm  of  2H2  +  ICO  and  space  velocity  of  100.) 


Catalyst 


Temperature,  °C 
Contraction,  per  cent 
CO  conversion,  per  cent 
To  COo,  per  cent 
To  CH4,  per  cent 
Liquefaction  ratio, 

C3+:Ci  + 

H2  conversion,  per  cent 
CO  +  H2  conversion,  per 
cent 

Use  ratio,  H2:CO 
End-gas  analysis 
Volume  per  cent 

Volume  per  cent 
Yield 

g  per  cu  m  feed  gas 
Product  distribution 
Boiling  range,  °C 
Weight  per  cent 
Boiling  range,  °C 
Weight  per  cent 
Olefins 

Volume  per  cent 


IOOCo:  15Th02: 12.5 
Kieselguhr 


175-178 

70 

85 
0 

10 

90 

87 

86 
2.02 

C02  C„H„,  CO 

42.8  0.3  11.6 

h2  ch4  n2 

17.5  11.1  16.7 

Gasol  C5+  rotal 

15  130  145 

<200  200-320 

22  24 

320  460  >460  Total 

21  33  54 

<200  200-320 

16  12 


IOOCo  :15Mn:  12.5 
Kieselguhr 


165-168 

60 

65 
0 

11 

89 

68 

66 

2.05 

C02  C„Hm  CO 

33.2  0.2  18.5 

H2  ch4  n2 

29.0  6.2  12.9 

Gasol  05+  Total 

15  130  145 

<200  200-320 

20  16 

320-460  >460  Total 

22  42  64 

<200  200-320 

18  12 
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Product  Distribution 

manganese-containing  catalyst  produced  better  paraffin  yields  and 
operated  at  a  significantly  lower  temperature.  The  solt  paraffin  trac¬ 
tion  (320°-460°C)  was  fairly  constant  under  various  synthesis  condi¬ 
tions  and  in  the  presence  of  various  catalysts;  the  increased  wax  content 
was  found  to  be  in  the  hard  paraffin  (>4G0°C)  fraction.  The  life  of 
both  catalysts  in  this  investigation  was  3,500-5,000  hr.  The  large-scale 
use  of  manganese  was  undesirable  in  cobalt  catalysts  for  several  reasons: 
(1)  it  produced  too  soft  a  catalyst;  (2)  it  was  sensitive  to  overheating 
during  drying;  (3)  it  tended  to  form  carbon  quickly;  and  (4)  it  introduced 
difficulties  in  the  regeneration  of  the  catalyst  as  a  result  ol  the  precipita¬ 
tion  of  manganese  dioxide,  which  clogged  the  filters. 

The  effect  of  variation  in  thoria  content  of  cobalt  catalysts  upon 
product  distribution  was  shown  by  Fischer  17  in  1932.  The  results  of 
1,600-hr  tests  at  atmospheric  pressure  of  2I12  +  ICO  are  shown  in 
Table  3G.  A  maximum  yield  of  liquid  hydrocarbons  was  produced  when 

Table  36.  Effect  of  TI1O2  Content  of  Co-T1i02-Kieselguhr  Catalysts  upon 

Distribution  of  Products 

(Atmospheric  pressure  of  2H2  +  ICO,  1,600  hr,  Co : kieselguhr  =  100:100.) 


Th02, 
per  cent 

Gy 

weight 
of  Co 

Calculated 
Weight  of 
Catalyst, 
g 

Paraffin  Extracted 
from  Catalyst 

Liquid 

Hydrocarbon 
Products, 
g  per  cu  m 
2H2  +  ICO 

Weight 
Per  Cent 
of  Co 

Weight 
Per  Cent 
of 

Catalyst 

g 

12 

8.5 

255 

120 

10.2 

01  « 

18 

8.7 

290 

133 

11.6 

24 

9.0 

% 

380 

160 

15.2 

17'* 

0  After  570  hr  of  synthesis. 


the  catalyst  contained  18  per  cent.  At  higher  concentrations  of  thoria 
the  paraffin  wax  fraction  was  markedly  larger  and  the  liquid  hydro- 
carbon  fraction  smaller.  Accumulated  paraffin,  removed  at  the  end  of 
test  by  extracting  the  pulverized  catalyst  in  a  Soxhlet  apparatus 
7  1 1,onzene  or  a  fraction  of  synthetic  gasoline  for  G  or  7  hr  was  equiv 
alent  to  at  least  250  per  cent  of  the  weight  of  cobalt  in  the  catalysts 
gme  29  summarizes  the  results  of  1,100-hr  tests  with  varying  amounts 
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of  thorn  in  100Co:200  kieselguhr  S.120  catalysts,  made  by  Ruhrchemie 
in  1937 .87  The  contraction  as  an  indication  of  catalyst  activity  and  the 
paraffin  contents  of  the  catalysts,  based  on  cobalt,  are  shown.  Two 
periods  of  reactivation  by  H2-N2  at  500  and  900  hr  are  also  indicated. 
The  catalysts  containing  9,  14,  18,  and  24  per  cent  of  thoria,  based  on 
cobalt,  were  of  equal  activity  during  the  entire  period;  the  9  per  cent 


Figure  3-29.  Effect  of  thoria  content  on  cobalt  catalyst  activity  and  product 
distribution.  Reproduced  from  reference  87. 


Th02  catalyst  was  less  active  during  the  first  900  hr.  The  18  and  24  per 
cent  Th02  catalysts  produced  much  higher  catalyst  wax  yields  (200  per 
cent  of  Co)  than  the  others  during  the  first  450  hr.  Subsequently,  these 
yields  declined,  while  the  catalyst  wax  production  from  the  14  per  cent 
Th02  catalyst  improved;  at  850  hr,  these  three  catalysts  were  producing 
about  200  per  cent  of  catalyst  wax,  based  on  Co.  The  yield  of  catalyst 
wax  from  the  9  per  cent  Th02  catalyst  did  not  exceed  100  per  cent. 

Table  3  7  29  shows  the  relative  effect  of  the  promoters,  thoria  and  mag¬ 
nesia,  upon  the  production  of  catalyst  wax.  Three  catalysts  were 
studied  at  185°C:  lOOCo:  15Th02 : 200 kieselguhr,  100Co:5ThO2:  lOMgO: 
200  kieselguhr,  and  lOOCo:  15MgO: 200  kieselguhr.  In  all  three  cata¬ 
lysts,  kieselguhr  S.120  was  the  carrier.  Thoria  alone  produced  the 

87  F.I.A.T.  Reel  K21,  Frames  976-82. 
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Table  37.  Effect  of  Promoters  on  Catalyst  \\  ax 


(Co:kieselguhr  S.120  =  100:200,  synthesis  temperature  =  185°C,  4  g  Co.) 


Syn¬ 

thesis 

Pe¬ 

riod 

Cumu¬ 

lative 

Time, 

hr 

15Th02 

5Th02:  lOMgO 

15MgO 

Total  Wax 

Restbeladung  ° 

Total  Wax 

Restbeladung  ° 

Total  Wax 

Restbeladung  ° 

g 

Per 

Cent 

of 

Co 

g 

Per 

Cent 

of 

Total 

Wax 

Per 

Cent 

of 

Co 

g 

Per 

Cent 

of 

Co 

g 

Per 

Cent 

of 

Total 

Wax 

Per 

Cent 

of 

Co 

g 

Per 

Cent 

of 

Co 

g 

Per 

Cent 

of 

Total 

Wax 

Per 

Cent 

of 

Co 

1 

2 

3 

1,550 

1,850 

2,250 

26.0 

26.6 

25.2 

650 

665 

630 

22.0 

20.6 

21.6 

85 

77 

86 

550 

515 

540 

19.8 

12.6 

11.6 

495 

315 

290 

8.4 

5.6 

6.0 

42 

44 

52 

210 

140 

150 

9.0 

2.4 

2.6 

225 

60 

65 

0.4 

0.4 

0.8 

4 

17 

31 

10 

10 

20 

a  Organic  material  not  removed  from  catalyst  during  reactivation  by  hydrogen. 


largest  amount  of  catalyst  wax  and  magnesia  the  least ;  thoria-magnesia 
was  intermediate. 

The  Ruhrchemie  reported  that  the  paraffin  fraction  from  the  con¬ 
ventional  Fischer-Tropsch  synthesis,  constituting  11-30  per  cent  by 
weight  of  the  C3+  hydrocarbon  product,  comprised  waxes  whose  melt¬ 
ing  points  ranged  from  40°  to  1 10°C  and  whose  molecular  weights  ranged 
up  to  2,000.  At  the  Ruhrchemie  works  at  Sterkrade-Holten,38- 39  the 
residue  boiling  above  320° C  from  the  distillation  of  the  primary  product 
of  the  medium-pressure  synthesis  was  separated  by  vacuum  fractiona¬ 
tion  into  two  distillates  and  a  residue  distilling  above  460°  C  (at  700  mm 
Hg).  The  first  fraction  was  “sweated”  to  give  “soft  wax”  (mp  40°C); 
the  second  fraction  was  sweated  to  yield  “slab  wax”  (mp  50°-52°C). 
The  residue,  crude  “hard  wax,”  mp  90°C,  was  refined  with  bleaching 
earth  and  sold  as  “refined  wax.”  By  blending  30  parts  of  this  wax  with 
70  parts  of  soft  wax,  a  product  sold  as  “refined  plastic  wax”  was  ob¬ 
tained.  By  similar  treatment  of  the  residue  boiling  above  320°C  ob¬ 
tained  from  distillation  of  products  from  the  normal-pressure  process 
and  the  wax  extracted  from  the  catalyst  by  solvent,  further  quantities 
of  soft  wax  and  a  moderately  hard  wax  sold  as  “catalyst  wax,”  mp  87°- 
91°C,  were  obtained.  Table  38  38  shows  the  properties  of  the  Ruhr¬ 
chemie  Fischer-Tropsch  waxes. 

The  bulk  of  the  soft  wax,  or  “Gatsch,”  was  oxidized  to  fatty  acids  at 
the  Deutsche  Fettsauere  Werke,  Witten,  for  use  in  the  production  of 
soap  and  edible  tats.  A  part  of  these  waxes  was  also  used  in  the  manu- 
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Table  38.  Properties  of  Ruhrchemie  Fischer-Tropsch  Waxes 


Properties 

Soft 

Wax 

Slab 

Wax 

Catalyst 

Wax 

Refined 

Plastic 

Wax 

Refined 

Hard 

Wax 

Setting  point,  °C  (rotating 
thermometer) 

42.5 

50-52 

87-91 

75 

90 

Melting  point,  °C 

44.0 

53 

About  85 

110 

Flow  point,  °C 

40.2 

48-49 

77 

98 

Drop  point,  °C 

41.8 

49-50 

79 

99 

Iodine  number 

2.5 

3.5 

2.0 

2.0 

Acid  number 

0.14 

0.03 

0.05 

0.1 

Saponification  number 

0.35 

0.6 

1 .0 

0.9 

0.8 

Penetrometer  number 

35.0 

About  30 

17.0 

4.0 

Mean  molecular  weight 

380 

500 

600 

Mean  carbon  number 

27 

36 

43 

facture  of  lubricating  oils.  The  hard  and  slab  waxes  were  used  in  the 
manufacture  of  polishes,  candles,  and  explosives.  The  plastic  wax  was 
used  for  impregnation  of  paper  and  cardboard. 

CATALYST  PRETREATMENT 


Reduction 

Roelen  35  believed  that  the  success  of  the  catalyst  depended  upon 
correct  reduction.  The  general  principle  was  that  sintering  of  the  cata¬ 
lyst  must  be  avoided  during  reduction,  and  that  this  could  be  accom¬ 
plished  by  conducting  the  reduction  as  quickly  as  possible.  Hence,  re- 
auction  was  done  (1)  with  the  catalyst  arranged  in  a  short  bed,  (2)  using 
a  high  rate  of  pure  hydrogen,  (3)  at  the  lowest  temperature,  and  (4)  in 
the  shortest  time  compatible  with  sufficient  reduction.  Conditions  3 
and  4  being  interrelated,  moderate  values  of  both  factors  were  found  to 
give  better  results  than  extremes  of  either.  It  was  found  that  the  mos 
active  catalysts  were  obtained  by  stopping  the  reduction  before  all  the 
cobalt  was  reduced  to  metal.  The  quantity  of  cobalt  reduced  expressed 
in  per  cent,  was  called  the  “reduction  value.”  Most  active  catalysts  had 
reduction  values  of  05-70;  the  usual  technical-scale  catalysts,  55  05 
was  believed  at  the  Ruhrchemie  »  that  “oxidation-reduction  equilib¬ 
rium”  was  reached  in  the  catalyst  during  synthesis.  During  the  . 

weeks  in  the  full-scale  reactors,  hydrocarbon  yields  increased  to  a  ma.  - 
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imum  because  of  an  increase  in  reduction  value.  After  that,  the  yields 
slowly  decreased,  as  did  the  reduction  value,  the  latter  from  55  to  35-40. 
Hence,  reduction  value  was  not  considered  important  as  an  indication 
of  the  activity  to  be  expected  of  a  catalyst,  but  merely  as  showing 
whether  reduction  had  been  carried  too  far.  If  the  reduction  value  was 
very  high,  the  catalyst  was  active  for  only  a  short  period.  Roelen  con¬ 
sidered  that  the  residual  unreduced  cobalt  oxide  in  the  catalyst  was  im¬ 
portant  in  preventing  sintering  of  the  cobalt. 

The  ease  of  reduction  of  a  catalyst,  or  its  reducibility,  as  defined  by 
the  temperature  and  time  required  to  reach  a  given  reduction  value, 
varied  with  the  composition  and  method  of  preparation.  Table  39  29,88 
shows  the  results  of  a  Ruhrchemie  study  of  the  effect  of  composition  on 


Table  39.  Reducibility  of  Cobalt  Catalysts 


Composition, 

parts  by 

weight 

Time  of 

/ - - - 

- , 

Reduction, 

Reduction 

Co  Th02 

MgO 

Kieselguhr 

min 

Yralue 

100  15 

.  . 

100 

5 

79 

200 

73 

600 

47 

1,000 

28 

2.000 

36 

100  5 

10 

200 

15 

78 

600 

70 

1 .000 

25 

2.000 

33 

100 

15 

100 

15 

64 

200 

64 

600 

63 

1 ,000 

62 

2.000 

53 

reducibility.  Samples  were  reduced  5  and 

npr  hr  r\ f  7“;TT  OXV  _  •  -  „  . 

15  min  at 

400°  C  with  300  1 

*  llV  OI  *  a  m  iayer  ot  catalyst  contained  in 

21  rnn’ m  Aameter,  and  the  fraction  of  cobalt  reduced  to  metal 
was  measured.  For  Co-Th02-kieselguhr  and  Co-Th02-MgO-kieselguhr 

ttr^om  l1nt;<'ib,il^deCreaSe'1  “  th“  kieselguhr  content  ^ 

eased  from  100  to  1,000  parts  per  100  parts  of  cobalt  For  cobalt 

thc  unchanged 

.ainiog  lOOCo:  100 

I  I. A.  T.  Reel  K21,  Frames  699-700. 
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showed  that  the  reducibility  varied  with  the  promoter,  decreasing  in 
the  order  ThCG,  Th02-Mg0,  MgO.  In  general,  reducibility  was  sen¬ 
sitive  to  the  presence  of  impurities,  particularly  nickel  and  copper,  which 
facilitate  reduction.  For  this  reason,  pure  kieselguhrs  and  pure  cobalt 
were  desirable  in  the  manufacture  of  the  catalyst. 

Reducibility  was  also  investigated  by  reducing  the  catalyst  for  a  fixed 
period  of  about  an  hour  at  a  series  of  different  temperatures  and  meas¬ 
uring  the  fraction  of  cobalt  reduced.  Thus,  for  100Co:5ThO2*.  lOMgO: 
200  kieselguhr,  15  per  cent  was  reduced  at  300° C,  45  per  cent  at  325° C, 

Table  40.  Reduction  of  Cobalt  Catalyst  with  H2-N2  in  Presence  of  CO2 

and  H2O  Vapor  (Ruhrchemie) 

(2-3-mm  catalyst  granules,  catalyst  layer  20  cm  long  and  21  mm  deep,  throughput 

150  i  H2-N2  per  hr,  350  °C.) 


Time, 

min 


Co 

Metal, 
per  cent 


Off-Gas  Analyses,  volume  per  cent 


a.  H2-N2  +  1  per  cent  H20  a 


25 

33 

1.6 

0 

0 

0 

72.4 

2.1 

24.9 

50 

100 

50 

61.5 

2.0 

0 

0.2 

0 

71  .3 

1.1 

25.4 

180 

66.0 

•  • 

0 

50 

100 

180 


8.0 

11.5 

11.5 


b.  H2-N2  +  3  per  cent  C02 


9 

0 

0 

0 

4 

0 

0 

0 

0.2 

72.2 

0.7 

0.1 

0 

67.2 

3.6 

0.1 

0 

68.1 

4.6 

0 

0.2 

69.5 

2.8 

24.0 

29.2 

26.8 

27.7 


c.  H2-N2 


35 

50 

65 


62 

81 

85 

«  H2  saturated  at  3°C  with  8  g  H20  per  cu  m 
cent  H2O. 


H2-N2,  corresponding  to  about  1  per 
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and  75  per  cent  at  350°C.  lOOCo:  15MgO:75MgO  (magnesia  as  pro¬ 
moter  precipitated  on  magnesia  as  a  carrier)  was  very  difficult  to  reduce: 
24  per  cent  at  450°C.  Roelen  35  suggested  the  following  explanation  for 
the  lower  reducibility  of  magnesia-containing  catalysts.  He  believed 
that  the  unreduced  catalyst  consisted  of  mixed  crystals  of  magnesium 
and  cobalt  oxides.  These  should  be  difficult  to  reduce  on  account  of  the 
insulating  action  of  the  magnesia  in  preventing  the  conduction  of  heat 
of  reduction  from  one  cobalt  atom  to  the  next.  These  mixed  crystals 
should  also  give  active  catalysts  because  the  dispersal  of  the  cobalt 
throughout  the  mass  of  magnesia  produced  a  fine  subdivision  of  cobalt. 

100 


80 
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u 

£  60 
UJ 

o 

k  40 

UJ 
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Figure  3-30.  Reduction  of  cobalt  catalysts  in  presence  of  C02  and  H20  vapor. 

Reproduced  from  reference  89. 
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Catalysts  difficult  to  reduce  were  found  in  Ruhrchemie  tests  to  be  the 
most  active  and  long-lived.  Catalysts  with  very  low  reducibility  and 
low  reduction  value  attained  high  productivity  during  synthesis  slowly 

and  sometimes  required  a  week  or  10  days  to  reach  the  “oxidation- 
reduction”  equilibrium.  un 

Ruhrchemie  laboratory  tests  “  showed  that  carbon  dioxide  and  water 
hmdeied  the  reduction  of  cobalt  catalysts.  The  data  are  summarized 
in  lable  40  and  Figure  30.  In  the  presence  of  about  1  per  cenTwlTer 
vapor,  reduction  ol  cobalt  catalysts  did  not  produce  more  than  00-,  ' 
per  cent  free  cobalt,  as  compared  with  83  per  cent  free  cobalt  t 
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the  C02  concentration  in  the  off  gas  decreased,  whereas  the  methane  in¬ 
creased.  The  C02  was  probably  hydrogenated  to  methane  according 

to  the  reaction,  C02  +  4H2  — »  CH4  +  2 H2(). 

Ruhrchemie  90  conducted  tests  in  1938  to  determine  the  effect  of  the 
conditions  of  reduction  upon  the  life  and  yields  of  Co-Th02-kieselguhr 
(100:18:200)  catalysts.  The  catalysts  were  reduced  under  the  follow¬ 
ing  conditions:  350° C,  300  1  H2-N2  per  hr,  f  hr;  400° C,  300  1  H2-N2  per 
hr,  2  hr;  350°C,  8  1  II2-N2  per  hr,  15  hr.  Then  each  catalyst  was  tested 
in  the  atmospheric-pressure  synthesis  at  185°-195°C.  Figure  31  shows 
the  results  of  3,800-hr  experiments  with  three  catalysts  of  equal  reduc¬ 
tion  value.  It  is  apparent  that  all  three  catalysts  were  similar  in 
activity  and  that  the  effect  of  reduction  was  insignificant  under  these 
conditions. 

U.  S.  Bureau  of  Mines  91  results  were  in  agreement  with  those  of  the 
Ruhrchemie.  The  data  summarized  in  Table  41  indicate  the  effect  of 
using  varying  procedures  for  reducing  and  subsequently  inducting  (or 
conditioning)  Co-Th02-kieselguhr  and  Co-Th()2-MgO-kieselguhr  cata¬ 
lysts.  The  following  procedures  were  used: 

Reduction  'procedure 

A.  Temperature  raised  from  250°C  to  300°C  in  about  8  hr  and  main¬ 


tained  for  2  hr  at  300°C;  hydrogen  space  velocity  of  about  250  (volumes 
of  gas  per  bulk  volume  of  catalyst  per  hour). 

B.  Four  hours  at  3G0°C  at  a  space  velocity  of  500. 

C.  Four  hours  at  3G0°C  at  a  space  velocity  of  hydrogen  of  1,000. 

D.  Two  hours  at  360° C  at  a  space  velocity  of  hydrogen  of  3,000. 

E.  Two  hours  at  400° C  at  a  space  velocity  of  3,000. 

Induction  procedure 


1.  Contraction  schedule — within  30  min  after  synthesis  gas  was  in¬ 
troduced  at  150°C,  the  temperature  was  increased  until  a  contraction  of 
45-50  per  cent  was  produced,  175°C  being  the  upper  limit.  After  48  hr, 
the  temperature  was  further  increased  to  maintain  the  same  contraction 
180°C  being  the  upper  limit.  After  24  additional  hr,  the  temperature 
was  increased  to  produce  a  contraction  of  70-75  per  cent. 

2  Temperature  schedule — synthesis  gas  was  introduced  at  150°C 
and  the  temperature  was  increased  to  175°C  within  an  hour  After  48 
hr,  the  temperature  was  increased  to  180°C,  and  after  24  additional  In¬ 
to  the  temperature  necessary  to  maintain  70-75  per  cent  contraction 
1  nauction  pressure 

a.  Atmospheric, 
h.  Seven  atmospheres. 


99  F.I.A.T.  Reel  K21,  Frames  1,032-35. 

91  U.  S.  Bureau  of  Mines  unpublished  work. 
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Table  41.  Effect  of  Reduction  and  Induction  Procedure  on  Activity  of 
Cobalt  Catalysts  (U.  S.  Bureau  of  Mines) 


Duration 
of  Test, 
hr 


Synthesis  Conditions 

Reduction 

Weight 

and 

of 

Induction 

Cata- 

Procedure  “ 

lyst,  g 

Pres- 

Temper- 

sure, 

SVH  h 

ature, 

atm 

°C 

Hydrocarbon  Products 


g  per  cu  m 

c 

Weight 

Per 

ch4 

c,-c4 

C6  + 

Cent  of 
Whole, 
C5+ 

lOOCo:  18Th02: 100  kieselguhr  catalyst  108B,  pellets  3.2-mm  diameter  X  3.2-mm  length 


658 

A 

2 

a 

38.8 

0  d 

100 

185 

13.5 

27.4 

84.5 

75.4 

891 

A 

2 

a 

38.8 

7 

100 

189 

24.4 

43.1 

85.5 

66 . 5 

1 ,000 

A 

i 

b 

36.0 

7 

100 

187 

23.7 

40.7 

86.3 

68.0 

571 

B 

2 

a 

38.0 

0 

100 

187 

17.2 

37.3 

86.2 

69.8 

1,127 

D 

i 

b 

36.5 

7 

100 

187 

29.5 

49.7 

82.9 

62.6 

801 

D 

2 

b 

36.5 

7 

120 

191  e 

33.1 

54.1 

79.0 

59.4 

1  ,094 

D 

2 

b 

37.5 

7 

100 

186 

28.5 

51.0 

89.5 

63.8 

1,143 

C 

2 

b 

36.8 

7 

100 

187 

27.2 

47.1 

82.7 

63.8 

1,141 

D 

2 

a 

37.6 

0 

100 

181 

14.7 

29.2 

83.8 

74.2 

lOOCo  :6Th02: 

12MgO:200  kieselguhr  catalyst  89K, 

granules  6-10  mesh 

1 ,045 

E 

2 

a 

16.9 

1 

100 

186 

17.1 

33.4 

97.0 

73.9 

1,040 

E 

1 

a 

16.0 

1 

100 

188 

17.6 

30.2 

89.5 

74.8 

“  See  explanatory  paragraphs  in  text. 
b  Space  velocity  per  hour. 
e  Per  cubic  meter  of  synthesis  gas. 
d  Gauge  reading. 

*  Temperature  high  because  of  higher  space  velocity. 


Reduction  of  the  Co-Th02-MgO-kieselguhr  catalyst  required  a  tem¬ 
perature  of  400°  C,  as  compared  with  360° C  used  for  Co- 1  h02-kiesel- 
guhr  preparations.  Otherwise,  the  conditions  of  reduction  and  induction 
had  no  significant  effect  upon  the  catalyst  activity. 


Carburization 

jet  rsrrs. 

„s.  Weller,  h.  .1.  E.  Hofer,  and  11.  B.  Anderson,  Am.  Chem.  hoc..  70,  7.1.1  801 
(1948). 
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reduced  with  hydrogen  at  400°C  and  subsequently  carbided  with  carbon 
monoxide  for  20  hr  at  200°C;  the  volume  of  carbon  monoxide  reacted  was 
equivalent  to  70  per  cent  conversion  of  the  cobalt  to  O02C.  Exposure 
of  this  carbided  sample  to  circulating  synthesis  gas  (2H2  +  ICO)  re¬ 
sulted  in  an  overall  synthesis  rate  at  150°C  of  60-70  X  10  4  g  C  per  g 
Co  per  hr.  After  removal  of  the  carbide  by  hydrogenation  at  150°-194°C 
and  re-exposure  of  the  sample  to  synthesis  gas,  a  synthesis  rate  of  250- 
300  X  10-4  g  C  per  g  Co  per  hr  was  observed,  an  increase  of  400  per 
cent.  The  distribution  of  the  synthesis  products  was  about  the  same  in 
both  cases.  Treatment  with  hydrogen,  carbon  monoxide,  and  synthesis 
gas  was  carried  out  at.  atmospheric  pressure. 

In  another  experiment,92  Co-Th02-kieselguhr  (100:18:100)  catalyst 
108B  was  carbided  in  carbon  monoxide  at  210°C  to  an  extent  equivalent 
to  110  per  cent  Co2C.  The  excess  carbon  could  be  accounted  for  as  a 
monolayer  of  chemisorbed  carbon  monoxide.  This  sample  was  observed 
to  have  no  appreciable  activity  in  flowing  synthesis  gas,  while  a  control 
sample,  similarly  reduced  initially  but  not  carbided,  gave  copious  yields 
of  oil  and  water.  Partial  hydrogenation  of  the  carbided  sample  at  190°C, 
with  removal  of  72  per  cent  of  the  carbon  which  had  been  introduced, 
restored  the  activity  to  about  one-half  the  normal  value. 


The  loss  of  synthesis  activity  on  carbiding  persisted  even  when  syn¬ 
thesis  was  continued  for  several  days.  This  behavior  is  illustrated  in 
Figure  32.  A  sample  of  Co-Th02-kieselguhr  catalyst  108B  was  carbided 
with  carbon  monoxide  for  24  hr  at  200°C  after  initial  reduction  in  hy¬ 
drogen  at  3G0°C.  On  exposure  to  flowing  synthesis  gas  at  182°C,  the 
carbided  sample  originally  showed  no  catalytic  activity,  as  measured  by 
the  fractional  decrease  in  gas  volume  (contraction)  as  the  gas  passed 
through  the  converter  (Figure  32a).  During  operation  for  1  day  at 
182  C,  the  contraction  rose  to  20  per  cent  but  did  not  increase  further 
.  U1*ng  an°ther  18  hr  of  synthesis.  Increasing  the  temperature  to  190°C 
increased  the  contraction  only  to  33  per  cent,  even  after  a  day.  Sub¬ 
sequent  hydrogenation  of  this  sample  at  210°C  and  re-exposure  to  svn 

reSU™Min  l  n0rrJ  contraction  of  ™re  than  70  per  cent  at 
189  C  (Figure  325).  Recarbiding  the  active  catalyst  for  24  hr  at  200°C 

again  reduced  the  activity  to  the  low  value  observed  after  the  first  car- 

J  mg  (  <  igure  32c),  and  rehydrogenation  of  the  carbided  sample  re- 
.toied  the  activity  almost  to  normal  (Figure  32^  TU 
showed  clearly  that  carburization 
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Figure  3-32.  Apparent  contraction  (o)  and  temperature  of  operation  (•)  versus  time  for  cobalt  catalyst  108B,  tested  at  atmos¬ 
pheric  pressure.  Reproduced  by  permission  from  reference  92. 
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reduced  cobalt  catalyst  108B,  carburized  and  reduced  at  208°C,  and  then 
carburized  again  at  235°C  and  reduced  again  at  208°C,  was  not  changed. 
However,  the  volume  of  carbon  monoxide  that  could  be  chemisorbed  was 
sharply  decreased  during  carburization  and  only  part  ially  restored  during 
subsequent  hydrogenation.  Some  free  carbon  remained  on  the  catalyst 
after  the  last  reduction.  Carburization  at  275°C  produced  chiefly  free 
carbon,  which  was  slowly  removed  by  prolonged  reduction  at  360°C. 
The  surface  area  and  adsorption  properties  of  the  freshly  reduced  cata¬ 
lyst  were  restored,  but  the  catalyst  was  still  poisoned  with  respect  to  the 
formation  of  carbide  at  208°C.  These  results  showed  that  a  change  oc¬ 
curred  in  the  structure  of  the  catalyst  during  carburization,  which  af¬ 
fected  its  activity  for  the  hydrocarbon  synthesis.  The  magnitude  of  this 
effect  was  shown  by  the  results  obtained  during  synthesis  on  catalyst 
108B  when  tested  at  atmospheric  pressure  and  constant  temperature 
and  flow  of  synthesis  (2H2  -f-  ICO)  gas.  Before  each  carburization 
step,  the  catalyst  was  stripped  of  adsorbed  hydrocarbons  by  hydrogena¬ 
tion  for  2  hr  at  208° C  so  that  the  surface  would  be  accessible  during 
carburization.  After  carburization  at  208°C,  the  activity  decreased  and 
the  yields  of  light  hydrocarbons  increased.  Hydrogenation  at  208°C 
partially  restored  the  activity  and  increased  the  percentage  of  higher- 
molecular-weight  products.  In  the  succeeding  carburization  and  re¬ 
duction  cycles,  the  activity  of  the  catalyst  declined  steadily  and  the 
fractions  of  methane  and  other  light  hydrocarbons  steadily  increased. 
Thus,  repeated  cycles  of  carburization  and  reduction  at  208°  C  caused  a 
poisoning  ot  the  catalyst  that  was  superimposed  on  the  harmful  effect 
ol  the  ^presence  ot  carbide.  Subsequent  hydrogenation  of  the  catalyst 
tit  400° C  restored  its  activity  almost  to  normal  but  did  not  improve  the 
Product  distribution.  Thus,  free  carbon  does  not  appreciably  affect  the 
activity  but  has  a  marked  effect  upon  the  product  distribution.  Similar 
results  were  observed  with  the  Co-Th02-MgO  kieselguhr  catalysts. 

1  he  data  discussed  above  are  presented  in  Chapter  G,  Table  4,  p  476. 


REACTIVATION 

on!  m  CTSt  °f  llfe  tests  of  two  Ruhrchemie  samples  of  lOOCo:  18ThO-> : 

leselguhr  catalyst  deposited  upon  kieselguhr  S.120  and  S  11  re 
spectively,  was  described  on  p  180  of  this  chapter.  During  a  period  of 
oo  c  ays,  each  catalyst  was  reactivated  eight  times  by  passage  of  75H2- 

exceeding  200°^  Th, H  (  lll^liei‘  than  synthesis  temperature  but  not 
cm  eeding  200  C.  1  he  other  conditions  of  reactivation-space  velocity 

mid  time  were  not  reported.  Each  reactivation  period  occurred  when 

gas  contraction  fell  below  55  per  cent  (Figure  23),  and  four  times  the 
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activity,  as  measured  by  gas  contraction,  was  restored  almost  to  its 
initial  value.  The  last  four  reactivation  periods  (after  121  days)  were 
less  and  less  effective. 

The  reactivation  procedure  in  the  U.  S.  Bureau  of  Mines  catalyst- 
testing  laboratory  was  to  pass  hydrogen  over  the  catalyst  at  a  space 
velocity  of  about  100  for  2  hr  at  a  temperature  10°C  higher  than  the 
preceding  synthesis  temperature  and  then  very  slowly  for  44  hr  at  150°C. 
This  was  done  at  115-hr  intervals  during  a  synthesis  test.  Table  42 
shows  the  yields  obtained  during  a  test  of  48  days  at  an  average  tem¬ 
perature  of  183°C  and  atmospheric  pressure,  with  cobalt-thoria-mag- 
nesia-kieselguhr  catalyst  89FF.52-91  Although  the  activity  decreased 


Table  42.  Test  of  Pelleted  Cobalt-Thoria-Magnesia-Kieselguhr 
Catalyst  89FF  at  Atmospheric  Pressure  with  2H2  +  ICO  Gas  “• h 

(U.  S.  Bureau  of  Mines) 


Time, 

hr 

Temper¬ 

ature, 

°C 

Contraction, 
per  cent 

SVH 

Hydrocarbon  Products, 
g  per  cu  m  c 

H20, 
g  per 

cu  m  c 

Q 

« 

C1-C4 

C5  + 

114 

180 

57.5 

109 

17.3 

58.5 

140.5 

1 15 

185 

09.8 

110 

21.7 

.... 

82.5 

171.3 

114 

185 

71.4 

117 

89.0 

165.8 

114 

182 

69.1 

113 

81.4 

174.0 

1 14 

181 

09.8 

113 

22.7 

39.7 

70.2 

171.2 

114 

183 

70.4 

105 

22.3 

48.2 

137.7 

170.3 

115 

184 

72.3 

113 

15.0 

31.8 

94.4 

182.0 

1 15 

184 

65 . 5 

118 

23.1 

30.9 

90.2 

174.7 

1 15 

181 

04.0 

123 

13.2 

24.9 

76.3 

1 58 . 0 

1 14 

183 

09.0 

117 

13.9 

18.0 

70.2 

175.1 

115 

182 

00.0 

119 

27.8 

40.8 

72.7 

158.0 

a  Catalyst  was  reduced  by  hydrogen  for  2  hr  at  400 °C  and  an  hourly  space  velocity 
of  3  000  and  inducted  by  the  temperature  schedule  at  atmospheric  pressure. 
b  Catalyst  contained  acid-extracted  Filter-Cel  kieselguhr. 

«  Per  cubic  meter  of  feed  gas. 


somewhat  during  each  period,  ne.  her  the  average  Cut,  the  p.od^ 
uct  distribution  varied  significantly  for  the  entire  test-  When  the  caU 
Ivst  was  removed  from  the  reactor  at  the  conclusion  oi  the  test,  soipt  on 
and  density  measurements  showed  that  hydrocarbons  adsorbed  on  he 
catalyst  had  reduced  its  surface  area  to  5  per  cent  ol  that  ol  the  y 
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reduced  catalyst  (from  80.8  to  4.4  sq  m  per  g  of  unreduced  catalyst)  and 
that  these  adsorbed  hydrocarbons  were  located  within  the  pellet  in  the 
pore  volume  (volume  of  pores  smaller  than  5  microns  in  diameter)  and 
not  on  the  external  surface  of  the  catalyst.52  It  was  estimated  that  80 
per  cent  of  the  pore  volume  was  filled  with  paraffin  wax  at  the  tempera¬ 
ture  of  the  synthesis,  183°C.  Hydrogenation  of  the  used  catalyst  under 
the  conditions  employed  to  reactivate  the  catalyst  during  synthesis 
removed  about  90  per  cent  of  the  adsorbed  hydrocarbons.  This  result 
indicated  that  most  of  the  hydrocarbon  product  deposited  on  the  cata¬ 
lyst  during  any  synthesis  period  was  removed  in  the  succeeding  reactiva¬ 
tion  period  and,  therefore,  that  the  catalyst  in  its  normal  condition  of 
operation  at  atmospheric  pressure  was  heavily  covered  with  hydro¬ 
carbons.  Final  reduction  of  the  used  catalyst  at  400° C  almost  com¬ 
pletely  restored  the  surface  to  its  condition  when  freshly  reduced.  The 
significance  of  these  results  is  that  the  cobalt  in  this  used  catalyst  was 


apparently  not  sintered;  otherwise  the  restoration  of  the  surface  would 
not  have  been  possible. 

Hall  and  Smith  93  observed  that  a  cobalt  catalyst  maintained  a  high 
state  of  activity  for  14  months  when  it  was  tested  at  atmospheric 
pressure,  with  intermittent  reactivation  by  hydrogen.  The  catalyst  of 
composition  100Co:GThO2:3MgO:20()  kieselguhr  was  prepared  by  the 
rapid  simultaneous  mixing  of  boiling  solutions  of  cobalt  and  thorium 
nitrates  (40  g  Co  and  2.4  g  Th02  per  1),  sodium  carbonate  (88  g  Na2C03 
per  1),  and  a  warm,  aqueous  suspension  of  magnesia  and  kieselguhr 
(both  screened  through  72-mesh  BSS).  The  quantities  used  were  in  the 
weight  proportions:  100Co:6Th02:12MgO:200  kieselguhr.  The  excess 
MgO  was  removed  during  washing  of  the  precipitate.  The  mixture  was 
boiled  for  2  min  with  vigorous  stirring,  filtered  rapidly,  and  the  pre¬ 
cipitate  washed  free  from  occluded  salts  with  boiling  distilled  water 

tlfme'sh  BSS  ,  cake  ™|dried  111  110°C  and  graded  into 

I  14  meal,  BSS  granules.  The  kieselguhr  was  a  natural  material  of 

Portuguese  origin  consisting  mainly  of  small,  “spindle-like”  diatoms- 

it  was  washed  with  a  cold  mixture  of  equal  parts  of  50  per  cent  HNO  ’ 

and  50  per  cent  HC1  before  use.  pu  cent  tlJNUj 


I  lie  synthesis  reactor  consisted  of  a  mild  steel  tube  I  in  •  ,  ,, 

and  15  mm  I  D.  welded  into  a  mild  steel  “jacCt”  G  3  cm  T  f  ? 
outer  surface  of  which  was  electric  heating  wiring  The  annular  s.  “ 
between  the  outer  surface  of  the  reactor  .,nH  ti  •  ”  ar  Space 

jacket  was  filled  with  aluminum  it  “  u  n  mner  surface  of  the 
sipating  and  temperature-equalizing  means"  -“TT*  heat‘dis- 

I.D.  were  embedded  in  the  alloy,  one  to  act  -is  (’the  ,Ube8|°f  6'mm 
»C  (■  ,1.11  ,  c.  ,  „  1  as  a  thermocouple  pocket 

•  •  Hall  and  S.  L.  Smith,  7.  &,  Cke„,  ,ni.  (London),  65,  ,28-36  (1046). 
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and  the  other  to  accommodate  a  thermoregulator.  As  a  result  of  pre¬ 
liminary  comparative  tests  with  an  additional  thermocouple  in  the 
center  of  the  reactor  tube,  the  temperature  in  the  aluminum  jacket  could 
be  controlled  to  a  value  1°-2°C  below  that  required  in  the  reactor.  The 
catalyst  was  supported  on  a  perforated  sheet  located  23  cm  above  the 
lower  end  of  the  aluminum  jacket.  A  normal  charge  of  catalyst  (100 


Synthesis  gas 


S  -Organic  sulfur  removol  from  synthesis  gas 
0  -Fe203  for  H2S  removal  from  synthesis  gos 

T|  -ice-cooled  trap  for  collecting  remainder  of  water  ond 
part  of  light-oil  product 

T2  -Dry-ice  trop  for  collecting  remainder  of  light  oil 
A, A-  Tees  for  sampling  synthesis  ond  residual  gases, 
respectively 

.R  -  Hydrogen  inlet  for  reduction  of  catalyst 

Figure  3-33.  Flow  diagram  of  laboratory-scale  catalyst-testing  apparatus  at  British 
Fuel  Research  Station,  1941.  Reproduced  by  permission  from  reference  93. 


cc)  occupied  58  cm  of  the  reactor  when  the  central  thermocouple  pocket 
was  absent.  The  arrangement  of  the  apparatus  is  shown  diagram- 

matically  in  Figure  33.  ,  .  , 

The  catalyst  (20.0  g,  containing  0.7  g  Co)  was  reduced  in  the  syi  - 

thesis  reactor  by  passing  dry  electrolytic  hydrogen  downward  at  a  rate 
of  approximately  5U0  1  per  In'  (hourly  space  velocity  5 ,600)  for  2  hi  at  a 
temperature  of  390°-405°C.  At  the  end  oi  this  period,  the^talyst  |v^ 
allowed  to  cool  to  150°C  in  a  slow  stream  of  hydrogen.  The  cata  yst 
was  inducted  with  211,  +  ICO  synthesis  gas,  containing  b  pei  cent  o 

inert  constituents,  passed  at  a  throughput  of  1  9°  Pf  £ .  "  J_ 

hr,  while  the  temperature  was  raised  from  loO  to  I/O  C  and  toi  an 
ditional  24  hr  at  175°C.  The  temperature  was  raised  t >180  C  or 
second  24-hr  period  and  was  then  increased  to  18.)  t  (gas  contra 
70-80  per  cent)  for  the  synthesis  at  atmospheric  pressure.  Du,  mg 
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test,  temperatures  were  raised  to  maintain  the  yield  at  a  value  above 
1 10  g  C5+  hydrocarbon  products  per  cu  m  feed  gas.  For  the  entire  test, 
the  average  yield  was  122  g  per  cu  m  feed  gas.  In  the  first  .3  weeks  ol 
operation,  an  average  yield  of  130  g  per  cu  m  was  obtained  at  a  sub¬ 
stantially  constant  reaction  temperature  and  without  any  reactivation 
treatment.  The  average  composition  of  the  total  C5  +  products  is  shown 
in  Table  43,  together  with  data  published  by  Martin  of  the  Ruhrchemie 
A.G.94  for  products  obtained  in  the  cobalt  synthesis  at  atmospheric 
pressure.  Data  for  the  total  hydrocarbon  product  are  also  included. 

Table  43.  Comparison  of  British  and  German  Data  for  Composition  of 
Product  from  Cobalt  Atmospheric-Pressure  Synthesis 


Per  Cent  by  Weight 


Fraction  of 

British 

rt 

Ger 

man 

Hydrocarbons 

Total 

C5  + 

Total 

c5+ 

c,  +  C2 

Hi 

18 

c3  +  c4 

7 

1 1 

C5-200°C 

49 

04 

43 

01 

200°-300°C 

20 

20 

20 

28 

Residue  (wax) 

8 

10 

8 

11 

Total 

100 

100 

100 

100 

a  At  average  temperature  of  190°C. 


Comparison  shows  that  less  gaseous  hydrocarbons  and  more  low-boiling 
liquid  hydrocarbons  were  produced  than  in  the  German  commercial 
units. 


Figure  34  shows  the  course  of  the  experiment  with  respect  to  variations 
in  temperature  and  average  yield.  The  interruptions  in  the  temperature 
recordjndicate  the  points  at  which  hydrogen  treatment  was  performed 
at  195°C  for  periods  ol  8  hr  each.  The  major  breaks  in  both  curves  in¬ 
dicated  by  RRlf  RR2}  RR3>  and  RR4,  represent  the  points  at  which  re- 
reduction  with  hydrogen  was  done  at  400°C  or  above  and  a  space  ve- 
loc.ty  of  dry  hydrogen  of  6,000,  for  2  hr.  The  effect  of  the  method  of 
reactivation  with  hydrogen  at  low  temperature  upon  the  catalyst  life  is 
s  own  by  the  data  in  Table  44.  Owing  to  the  fact  that  in  the  last  28 
days  of  section  4  a  lower  yield  was  tolerated  than  in  earlier  sections  the 

““  100  ,lay.s  of  th*  "**»»  •»  ^own  in  the  table  separately 
as  section  4a.  In  considering  the  results  of  this  run  in  relation  to  large- 

scale  practice,  ,t  is  obvious  that  it  would  be  necessary  to  remove  the 
94  F.  Martin,  (’hem.  Fabrik,  12,  233  (1939). 
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catalyst  from  the  reaction  vessel  lor  rereduction  treatment  at  400°- 
450° C.  Hence,  the  period  between  rereduction  treatments  would  be 
the  “converter  life,”  and  the  period  up  to  the  point  at  which  remanu¬ 
facture  of  the  catalyst  was  necessary  would  be  the  “total  life.”  From 
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Figure  3-34.  Durability  test  of  100Co:6ThC>2:3MgO:200  kieselguhr  catalyst  at 
atmospheric  pressure  of  2Ho  4-  ICO  gas  (British  Fuel  Research  Station).  Repro¬ 
duced  by  permission  from  reference  93. 


the  results  shown  in  Table  44,  it  was  fairly  clear  that  hydrogen  dewaxing 
at  short  regular  intervals,  which  permitted  synthesis  at  the  lowest  pos¬ 
sible  reaction  temperature  (procedure  used  in  section  4),  gate  the  max¬ 
imum  converter  life  for  a  given  output  of  liquid  products.  Fuithei, 


Table  44.  Effect  of  Reactivation  with  Hydrogen  upon  Life  of  Cobalt 
Catalyst  (British  Fuel  Research  Station) 


Section  of  Test 

1.  Start  to  RRi 

2.  RRi  to  RRi 

3.  RRi  to  RRs 

4.  RR*  to  RRa 

4 a.  (fift.3  to  374th  day) 


Number  of  Average 


Duration, 

Hydrogen 

Yield,  g  per 

days 

Treatments 

cu  m  feed  gas 

100 

5 

120 

75 

2 

117 

96 

6 

115 

128 

16 

110 

100 

12 

112 

operation  without  hydrogen  treatment  until  the  maximum  usefu  i  - 
action  temperature  of  200° C  was  reached  (procedure  used  m  last  (,0  days 
of  section  2)  gave  the  shortest  converter  life.  rlhe  procedure  found  to 
be  most  effective  for  revivification  of  the  catalyst  was  the  following, 
passage  of  hydrogen  every  seventh  day  for  1-2  hr  at  a  temperature  20  - 
2r)°C  higher  than  the  preceding  synthesis  tempeia  me. 

20 L  a  result  of  their  study  of  the  effect  of  hydrogen  treatment  upon  the 
life  of  the  cobalt  catalyst  in  atmospheric-pressure  synthesis,  Hall 
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Smith  93  believed  that  three  processes  caused  the  catalyst  to  become  in¬ 
active,  in  addition  to  poisoning  by  sulfur  compounds  in  synthesis  gas. 
These  were:  (1)  the  relatively  rapid  deposition  on  the  catalyst  of  hydro¬ 
carbons  which  can  be  readily  removed  by  treatment  with  hydiogen, 
(2)  a  slower  change,  possibly  oxidation  of  the  cobalt,  which  can  be  re¬ 
versed  by  repetition  of  the  original  reduction  procedure;  (3)  a  still  more 
gradual  but  more  fundamental  change,  probably  a  physical  alteration 
of  the  active  surface  of  the  catalyst,  which  can  be  overcome  only  by  re¬ 
manufacture  of  the  catalyst. 


10  ATMOSPHERES 

Figure  3-35.  Durability  test  of  100Co:(iTh02:3MgO:200  kieselguhr  catalyst  at 
10  atm  pressure  of  2H>  +  ICO  gas  (British  Fuel  Research  Station).  Reproduced 

by  permission  from  reference  95. 


The  course  of  a  6-month  experiment  at  10  atm  with  the  same  catalyst 
( lOOCo :  6 1  h02 : 3MgO : 200  kieselguhr)  is  shown  graphically  in  Figure 
3o.  1  he  catalyst  wras  piepared  and  reduced  in  the  manner  described 

above  and  tested  in  an  apparatus  similar  in  design  and  dimensions  to  that 
shown  in  Figure  33,  slightly  modified  for  operation  at  pressures  higher 
than  atmospheric.  Column  I,  l  able  45,  shows  the  more  important  data. 
For  the  first  130  days,  the  catalyst  produced  yields  over  120  g  C5+  hy¬ 
drocarbon  product  per  cu  m  of  feed  gas  and  required  only  mild  reactiva¬ 
tion  with  hydrogen.  Subsequently,  neither  more  vigorous  hydrogen 
treatment  nor  extraction  with  solvent  (period  G)  was  successful  in  re- 
stormg  the  full  activity  of  the  catalyst.  Thus,  it  is  apparent  that  the 
ea  a  ys  ife  was  shorter  at  10  atm  than  at  atmospheric  pressure  The 
composition  of  the  combined  liquid  and  solid  reaction  products' at  se- 
ei  et  stages  ot  the  experiment  is  summarized  in  columns  2-7  of  Table 
46'  A  substantial  increase  in  the  proportion  of  wax  over  that  produced 
»C.  C.  Hall  and  S.  I,.  Smith,  J.  I  ml.  Petroleum,  33,  439-5(1  (1947). 
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Table  45.  Cobalt  Catalyst  Tests  at  10  Atm  of  2H2  +  100  Gas 
(British  Fuel  Research  Station) 


Synthesis 


77 

78 

84 

85 


90 


192 


1  OOCo :  6Th02 :  3MgO :  200 
Kieselguhr  b’c 


II 

lOOCo :  6Th02 :  3MgO :  250 
Kieselguhr  c' f 


Time, 

days 

Temperature, 

°C 

Yield,  g  per 
cu  m 

Temperature, 

°C 

Yield  g  p 
cumrf 

5  e 

182 

121 

9 

183 

i36 

13 

185 

134 

16 

186 

139 

185 

iio 

18 

187 

136 

22 

185 

i  25 

31 

189 

i32 

33 

188 

i30 

37 

191 

134 

45 

191 

i25 

53 

192 

i.33 

58 

193 

140  * 

65 

194 

115 

69 

195 

137  * 

74 

i94 

is6 

195 

91 

H2,  17  hr,  200°C,  10  atm,  14  1  per 
hr 

91 


J.  H2,  8  hr,  205°C,  30  atm,  14  1  per 
hr 


185 

i90 


125 


195 

195 


106 

si h 


L.  H2,  16  hr,  205°C,  atmospheric 

pressure,  14  1  per  hr 

M.  H2,  16  hr,  205 °C,  0.1  atm,  14  1 

per  hr 

197  71  h 

N.  H2,  16  hr,  207°C,  atmospheric 

pressure,  14  1  per  hr 
0-500  cc,  150°-200°C  fraction, 
150°C 


91 

193 

129 

97 

.  .  . 

102 

i94 

126 

B. 

h2, 

2  hr, 

194  °C, 

10  atm,  560  1 

per 

hr 

110 

194 

129 

C. 

h2, 

8  hr, 

210°C, 

10  atm,  14  1 

per 

hr 

117 

194 

120 

126 

198 

121 

132 

200 

120 

D. 

n2, 

6  hr, 

220°C, 

10  atm,  14  1 

per 

hr 

137 

203 

102 

E. 

h2, 

6  hr. 

220°C, 

10  atm,  14  1 

per 

hr 

140 

203 

113 

F. 

Ho. 

19  hr, 

220°C, 

10  atm, 14  1 

per 

hr 

H2,  2 

:  hr,  400°C,  atmospheric  pressure, 

560  1 

per  hr 

154 

203 

118 

163 

208 

114 

176 

213 

100 

G. 

500 

cc.  170°-240° 

C,  fraction  at 

150 

°C 

180 

212 

60 

H. 

h2, 

16  hr 

,  230 °C 

hr 

h2, 

2  hr, 

400°C, 

10  atm,  14  1 

per 

184 

213 

82 

201 


76  1 


I.  I!-).  2  hr,  400°C,  atmospheric  pressure 
Steam,  3.5  hr,  350°-400°C 
H2  2  hr,  400°C,  atmospheric  pressure 
213  74 


<*  Composition,  31.5  per  cent  CO,  62.0  per  cent  H  >,  2.5  per  cent  C02,  and  4.0  per  cent  N2. 

h  100  cc  catalyst  =  26.7  g  =  6.7  s  Co. 
c  Throughput  =  1  1  (NTP)  per  g  Co  per  hour. 

4  Grams  per  cubic  meter  feed  gas. 

«  At  atmospheric  pressure. 

7  100  cc  catalyst  =  41.8  g  =  9.4  g  Co. 

*  Throughput  =  0.5  1  (NTP)  per  g  Co  per  hour.  claused  for  the  catalyst  to  become 

. . 

reliable  guide  to  the  catalyst  activity. 
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at  atmospheric  pressure  and  a  decrease  in  the  proportion  of  light  oil  and 
olefins  were  evident. 

Another  catalyst,  of  which  the  composition  was  lOOCo :  6Th02 :3MgO : 
250  kieselguhr,  was  prepared  by  the  procedure  described  above,  but  in  a 
batch  of  3  kg  on  a  pilot-plant  scale.  The  kieselguhr  used  in  this  prepara¬ 
tion  had  the  property  of  increasing  the  bulk  density  of  the  catalyst,  so 
that,  in  spite  of  the  increased  proportion  of  kieselguhr,  100  cc  of  the  un¬ 
reduced  catalyst  granules  weighed  41.8  g  and  contained  9.4  g  cobalt. 

Table  46.  Product  Distribution  from  Cobalt  Synthesis  at  10  Atm  of 
2H2  +  ICO  Gas  (British  Fuel  Research  Station) 


Catalyst 

lOOCo:  6ThOe:3MgO:  200  Kieselguhr 

lOOCo:  6ThO 

2:3MgO:250  Kieselguhr 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Period  of  test, 

6-18 

41-52 

59-70 

85-102 

127-132 

149-159 

34-37, 

38-40 

45-47, 

48-51 a 

54-58. 

days 

Synthesis  tem- 

41-44 

52-53 

66-69 

peraturc,  °C 
Space  velocity, 

185 

192 

194 

194 

200 

204 

191-195 

192 

192-195 

193 

194 

1  per  g  Co  per 
hr 

1 

1 

1 

1 

1 

1 

1 

1.5 

1 

1 

0.5 

Distribution  of 

Cs+  prod¬ 
uct,  per  cent 
by  weight 
(olefins,  per 
cent  by 
weight) 

< 150°C 

150°-200°C 

29.0 

(16.0) 

13.0 

21.7 

(14.0) 

12.4 

18.6 

(18.0) 

10.1 

14.9 

(14.0) 

10.2 

13.2 

(14.0) 

10.7 

18.6 

(6.0) 

11.9 

23.0 

(12.1) 

13.2 

33.3 

(14.3) 

14.8 

24.6 

(11.7) 

12.8 

36.7 
(12.6) 

14.8 

19.4 

(5.2) 

13.1 

200°-300°C 

22.2 

24.5 

25.1 

23.7 

24.6 

30.8 

27.2 

(7.0) 

28.8 

22.6 

21  2 

22.1 

48.4 

>300°C 

35.8 

41.4 

46.2 

51.2 

51.5 

38.8 

36.6 

23.1 

40.0 

27.3 

30  per  cent  N2  added  to  synthesis  gas,  gas  rate  =  1  1  normal  synthesis  gas  per  g  Co  per  hr. 


As  the  data  in  column  II  of  Table  45  and  columns  8-12  of  Table  46  show 
the  performance  of  this  catalyst  at  10  atm  during  the  first  50  days  was 
similai  to  that  in  column  I,  despite  the  fact  that  the  gas  throughput  in 
this  experiment  was  40  per  cent  higher.  Subsequent  lowerin|  of  the 
pace  velocity  caused  premature  and  permanent  deactivation  of  he 
a  alyst  The  conclusion  drawn  from  the  reactivation  attempts  was 

“Sc  ssrrrK'jr  rt . 4 

obtained  by  such  treatment  in  the  atmospheri^re^re 

pressure  -  favorndV^iont 
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Roelen  -9,3°  stated  that  in  Germany  wax  was  removed  from  the  cata¬ 
lyst  on  the  large  scale  by  a  combination  of  treatments:  ie,  hydrogena¬ 
tion  at  synthesis  temperature  and  extraction  with  solvents.  The 
former  treatment  reduced  the  wax  content  to  2-5  per  cent;  and  the 
latter,  to  1-2  per  cent.  However,  it  was  generally  agreed  that  the  best 
revivification  was  achieved  by  extracting  the  catalyst  with  solvent  and 
then  treating  it  with  hydrogen. 

Hydrogen  revivification  was  done  on  the  commercial  scale  with  a 
space  velocity  of  1,000  cu  m  per  reactor  per  hr  and  was  continued  for 
7-10  hr  at  a  temperature  5°  higher  than  the  last  synthesis  temperature 
(Ruhrchemie)  or  always  at  200°  C  (Essener  Steinkohle).  Ruhrchemie 
specified  pure  hydrogen;  Rheinpreussen  indicated  that  a  little  carbon 
monoxide  in  the  hydrogen  had  no  bad  effect;  Essener  Steinkohle  used 
only  86  per  cent  hydrogen.  The  composition  of  the  products  obtained 
by  the  hydrogen  treatment  depended  upon  the  amount  of  hydrogen 
used.  Normally,  50-60  per  cent  consisted  of  methane,  and  the  re¬ 
mainder,  of  saturated  hydrocarbons  boiling  below  200°C. 

At  Ruhrchemie  and  Brabag,  the  procedure  for  solvent  extraction  con¬ 


sisted  in  spraying  into  the  reactor  oil  boiling  in  the  Diesel  oil  range. 
Essener  Steinkohle,  which  regarded  solvent  extraction  as  the  milder 
treatment  and  used  this  alone  during  the  first  part  of  the  catalyst  life, 
used  a  continuous  extraction  method.29  Oil  was  distilled  into  the  top  of 
the  reactor,  and  the  solution  of  wax  was  removed  at  the  bottom  in  a  small 
portable  still.  Here  it  was  redistilled  and  the  oil  vapor  reintroduced  into 
the  top  of  the  reactor.  The  temperature  during  extraction  was  kept  at 
100°C,  and  the  process  was  continued  until  no  more  wax  was  removed. 
For  a  block  of  four  reactors  about  60  cu  m  of  oil  was  in  circulation.  The 
boiling  range  of  the  oil  used  was  80°-200°C,  the  major  fraction  of  it  boil¬ 
ing  between  180°  and  200° C.  Only  when  the  catalyst  ceased  to  respond 
to  such  treatment  was  the  more  vigorous  combined  treatment  used. 

Table  47  29  illustrates  the  reactivation  ot  the  catalyst  and  the  re¬ 
covery  of  catalyst  wax  on  a  commercial  scale.  The  data  were  obtained 
at  the  Essener  Steinkohle  plant  in  1944  from  a  block  ol  four  reactors 
operated  at  atmospheric  pressure  of  2H2  +  100  m  stage  1  irom  the 
106th  to  the  277th  day,  during  which  time  the  synthesis  temperature 
was  raised  from  185°  to  196°C.  Although  the  normal  practice  was  to 
follow  the  extraction  immediately  by  the  hydrogen  treatment,  in  this 
operation  a  few  days  of  synthesis  was  done  between  the  two  treatments 
to  determine  how  far  the  activity  was  restored  by  the  solvent  alone.  ie 
temperatures  recorded  in  Table  47  show  that  the  solvent  treatment  be¬ 
came  less  and  less  effective;  on  the  215th  day,  the  synthesis  temperature 
after  extraction  was  only  1.8°C  lower  than  before  extraction.  Alter 
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hydrogenation,  the  temperature  on  the  219th  day  was  13.9°C  lower  than 
before  hydrogenation.  Subsequently,  hydrogen  treatment  also  became 
less  effective. 


Table  47.  Revivification  of  Catalyst  and  Recovery  of  Catalyst  Wax  from 
One  Block  of  Four  Reactors,  Stage  I,  Atmospheric  Synthesis  over  Co 


Catalyst, 

Essener  Steinkohle, 

1944 

Synthesis  Gas 

Remov 

ral  of  Wax 

Synthesis 

— 

Cumulative 

Temperature, 

Throughput, 

Treat- 

Quantity, 

Time,  days 

°C 

cu  m  per  hr 

ment  ° 

kg 

106 

185.5 

980 

113 

190.5 

980 

S 

9,310 

114 

182.5 

1.070 

134 

191.8 

1,020 

S 

8,830 

135 

185.5 

1,050 

160 

193.0 

960 

s 

6,380 

161 

184.0 

960 

177 

194.0 

1,050 

s 

2,560 

178 

188.0 

960 

#  . 

196 

195.0 

1,030 

s 

2,450 

197 

192.8 

1,040 

214 

195.5 

1,050 

s 

2,270 

215 

193.7 

1,100 

218 

195.2 

1,100 

H 

219 

181.3 

1,050 

232 

195.0 

1,070 

s 

5,400 

233 

191.5 

920 

238 

193.2 

900 

H 

239 

180.5 

1,070 

251 

195.5 

1,090 

S 

3,130 

252 

194.5 

940 

253 

186.0 

1,000 

H 

273 

197.3 

870 

274 

194.1 

900 

H 

277 

195.5 

1,020 

S 

640 

Total  40,970 

»  Per  cent  of  Co  1,024 

"  S  =  solvent  extraction;  H  =  86  per  cent  hydrogen  treatment. 


The  quantity  of  catalyst  wax  collected  after  each  solvent  extraction 

on'the'Sr  fT  To  PreViT  reC0very-  The  first  solvent  extraction 
on  the  232nd  day,  following  the  first  hydrogen  treatment,  produced  a 

noticeable  increase  in  catalyst  wax,  which  quickly  tapered  off.  Probably 

the  explanation  of  these  results  is  that  solvent  extraction  removed  lower- 

mo  ecular-weight  hydrocarbons,  while  higher-molecular-weight  hydro- 

caibons  accumulated  on  the  catalyst.  Removal  of  the  latter  by  hydro- 
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genation  left  a  laige  portion  oi  catalyst  pores  free  for  further  accumula¬ 
tion  of  wax.  A  total  quantity  of  40,970  kg  of  wax  was  removed  from  the 
catalyst.  Since  each  reactor  contained  about  3,000  kg  of  catalyst  of 
which  1,000  kg  was  cobalt,  simple  calculations  show  a  production  of  3.4 
g  of  wax  per  g  of  catalyst  and  10.2  g  per  g  of  cobalt. 

At  the  end  of  6-8  months,  catalysts  could  no  longer  be  reactivated  by 
solvent  or  hydrogen  treatment,  as  described  above,  because  the  wax  and 
other  organic  material  were  no  longer  being  removed.  .  Ruhrchemie  29 
found  that  such  catalysts  could  be  reactivated  by  “dry  regeneration,” 
which  was  a  re  reduction  with  a  high  space  velocity  of  75H2-25N2  at 
200°C  for  1.5  hr,  followed  by  an  increase  in  temperature  to  450°C  during 
a  period  of  2  hr  and  further  reduction  at  450°C  for  2  hr.  The  effective¬ 
ness  of  this  treatment  is  indicated  by  the  following  example:  A  catalyst 
of  composition  100Co:5ThO2: 10MgO:200  kieselguhr,  which  had  been 
used  for  synthesis  for  500  hr  at  185°C,  contained  320  g  of  deposit  per 
100  g  of  cobalt.  Dry  regeneration  resulted  in  the  removal  and  recovery 
of  315  g  of  material,  as  follows: 


CH4  and  higher  hydrocarbons 

181.0 

C02 

2.6 

CO 

1.4 

Wax 

130.0 

Fifty  per  cent  of  the  cobalt  was  present  as  metal  before  this  treatment  ; 
afterwards,  75—80  per  cent.  Dry  regeneration  was,  however,  not 
practiced  on  the  full  scale  by  Ruhrchemie  for  two  reasons.  The  first 
was  a  shortage  of  hydrogen,  because  the  methane  produced  precluded 
the  recirculation  of  the  hydrogen;  the  second  was  that  after  dry  regenera¬ 
tion  the  catalyst  required  screening  in  an  atmosphere  of  carbon  dioxide, 
which  was  not  feasible  owing  to  a  lack  of  suitable  equipment. 


Iron  Catalysts 

HISTORICAL  CONSIDERATIONS 

Although  the  cobalt  catalyst  became  the  German  commercial  catalyst 
because  its  development  occurred  more  quickly  than  that  of  the  iron 
catalysts,  research  on  iron  catalysts  in  the  laboratory  and  pilot,  plants 
was  continuously  being  done  and  is  still  in  progress.  An  important  ad¬ 
vantage  of  iron  over  cobalt  is  that  it  imparts  gieat  flexi  l  lty  o  e 
Fischer-Tropsch  process.  By  variation  in  catalyst  composition,  met  io( 
of  preparation,  method  of  reduction,  composition  of  synthesis  gas,  and 
process  conditions,  the  course  of  the  reaction  can  be  regulated  for  the 
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production  of  a  large  fraction  of  wax,  or  gasoline,  or  olefins,  or  alcohols. 
In  addition,  iron  is  easily  available  from  many  sources,  whereas  the 
supply  of  cobalt  is  limited. 

The  best  iron  catalyst  developed  by  Fischer  up  to  1930  was  an  alka¬ 
lized  iron-copper  preparation  made  by  decomposition  of  the  nitrates  and 
tested  at  atmospheric  pressure  in  the  laboratory  at  the  Kaiser  \\  ilhelm 
Institut  fur  Kohlenforschung.  When  an  iron-copper  catalyst  was  oper¬ 
ated  with  water  gas  at  atmospheric  pressure  and  about  250°C,  the  frac¬ 
tion  of  the  oil  product  boiling  in  the  range  (iO°-185°C  was  70  per  cent 
olefinic  and  contained  pentene-1,  pentene-2,  hexene-1,  hexene-2,  hep- 
tene,  octene-2,  and  a  very  small  amount  of  3,3-dimethylpentene-l.9fi 
The  30  per  cent  of  saturates  contained  pentane,  hexane,  heptane,  octane, 
nonane,  and  isononane.  The  isononane  was  probably  3-methyloctane 
and  was  present  in  very  small  amount.  No  diolefins  or  naphthenes  were 
found.  Minute  amounts  (0. 1-0.4  per  cent)  of  benzol  and  toluol  were 
present.  Despite  the  high  olefin  content,  the  gasoline  was  only  pale 
yellow.  Paraffin  obtained  by  recrystallization  from  acetone  was  colorless 
and  odorless  and  solidified  at  61°C.  Production  of  higher-molecular- 
weight  paraffin  (molecular  weight  about  1,000)  was  observed  when  al¬ 
kalized  iron-copper  catalyst  was  operated  at  10-15  atm  of  water  gas  at 
280°C.96  I  his  paraffin  melted  in  the  range  104°-117°C  and  solidified  at 
109°C. 

I  nfortunately,  most  of  the  tests  made  at  this  time  were  carried  out  at 
atmospheric  pressure,  and  significant  improvement  in  the  development 
of  iion  catalysts  was  not  observed  until  a  decade  later.  During  this 
peiiod  tests  of  numerous  iron-copper  and  alkalized  iron-copper  catalysts 
prepared  by  decomposition  or  by  precipitation  and  operated  at  atmos¬ 
pheric  pressure  were  reported  by  German,18  American,97  and  Japa¬ 
nese98-1""  investigators.  For  example,  an  iron-copper  (4:1)  catalyst  was 
precipitated  by  sodium  hydroxide  from  a  hot  solution  of  ferric  and 
cupric  nitrates.97  It  was  washed  by  decantation  until  it  began  to  become 
<■0  OKla  and  was  molded  by  being  forced  through  a  grease  gun  in  a  semi- 
son  state  After  slow  drying  in  air  up  to  20000,  the  catalyst  granules 

tarea8 U50°O Tfh”  k*  COm7ter  firSt  by  a  hydrogen-nitrogen  mix- 

centratiin  Of  1  T  ^  gradually  increasinS  temperature  and  con¬ 

centration  of  hydrogen  until  pure  hydrogen  was  used  at  285°C.  In  syn- 

97  n  ^!Scher  fd  H-  Tropsch-  /ier-.  60,  1,330-4  (1927) 

(1030).  ’  °-  Hawkl  and  P-  L-  Oold<=".  J ■  del.  Chem.  Soc.,  62,  3,221-33 

3TPP\  130-8  (1931)- 

“S.  Kodama  and  K Fujimura /  A  Cv"Tt  U'  l6M3  <•»»). 

14-6  (1931).  '  ■  '"'"L  ,nd-  JaPan,  34,  Suppl.  Binding, 
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thesis  at  261  C  and  a  space  velocity  of  360  (volumes  of  gas  per  volume  of 
catalyst  space  per  hour),  the  average  yield  of  C5+  hydrocarbons  was  31 
g  pei  cu  m  of  water  gas  charged.  The  methane  fraction  was  very  small. 
Iron-copper-manganese  oxide,  prepared  by  the  same  procedure,  was  simi¬ 
lar  in  activity  and  physical  properties. 

lhe  maximum  yield  from  an  iron-copper-manganese  catalyst  de¬ 
posited  on  silica  gel  and  containing  0.4  per  cent  potassium  carbonate  was 
30-35  g  per  cu  m  synthesis  gas  containing  ICO  +  2II2  (corresponding  to 
dO-45  g  per  cu  m  CO-H2  mixture).18  The  maximum  yield  from  an  iron- 
copper  catalyst  precipitated  on  kieselguhr  was  28  g.  The  life  of  these 
catalysts,  when  tested  at  atmospheric  pressure,  was  8  days.  Fischer  and 
Meyer,101  in  experiments  in  1934-1936,  produced  yields  of  50-60  g  per 
cu  m  of  synthesis  gas  containing  2H2  -f  ICO  from  iron  (Fe+2)-copper 
precipitated  catalysts  tested  at  atmospheric  pressure.  The  catalyst  life 
was  4-6  weeks.  In  1936,  Fischer  and  Ackermann  102-103  obtained  55  g  of 
liquid  hydrocarbons  per  cu  m  of  synthesis  gas  from  copper-free  iron  cata¬ 
lysts  operated  at  atmospheric  pressure.  Within  3  weeks  the  yield  de¬ 
creased  by  20  per  cent.  In  1937,  a  precipitated  iron  catalyst  that  had 
been  under  test  for  several  weeks  by  Fischer  and  Pichler  was  put  under 
15  atm.32  The  yield  was  almost  doubled,  and  the  life  of  the  catalyst  was 
increased  several  fold.  The  following  sections  will  describe  the  various 
lines  of  development  of  iron  catalysts  which  occurred  in  the  ensuing 
decade. 


EFFECT  OF  ALKALI  UPON  ACTIVITY  AND 
PRODUCTIVITY 


The  effect  of  alkali  in  producing  higher-molecular-weight  products  had 
been  observed  when  the  synthol  process  was  discovered.  Addition  of 
alkali  to  Fischer-Tropsch  iron  catalysts  constituted  one  of  the  most  im¬ 
portant  steps  in  their  development. 

101  T.O.M.  Reel  101,  Doc.  PG-21.581-NID,  Recent  Investigations  on  Iron  Cata¬ 
lysts.  Translation  in  Translations  of  German  Documents  on  the  Development  of  Iron 
Catalysts  for  the  Fischer-Tropsch  Synthesis,  Part  I,  M.  Leva,  U.  S.  Bur.  Mines  Rept., 


Pittsburgh,  Pa.,  1946,  pp  68-158. 

102  T  o  M  Reel  101  Doc.  PG-21.559-NID,  Report  on  the  Middle-Pressure  byn- 
thesis  with  Iron  Catalysts,  June  1940;  T.O.M.  Reel  101,  Doc.  PC-21, 574-NID,  Iron 
Catalysts  for  the  Middle-Pressure  Synthesis,  Lecture  by  II.  Pichler,  Sept.  9,  1.  40. 
Translations  of  these  two  reports  in  Translations  of  German  Documents  on  the  Develop¬ 
ment  of  Iron  Catalysts  for  the  Fischer-Tropsch  Synthesis,  Part  I,  M.  Leva,  U.  S.  Bur. 

Mines  Rept.,  Pittsburgh,  Pa.,  1946,  pp  1-67.  .  , 

103  T.O.M.  Reel  101,  Doc.  PG-21.578-NID,  The  Middle-Pressure  Synthesis  xuth 

Iron  Catalysts,  Sept.  9,  1939.  Translation  in  Translations  of  German  Documents  on 
the  Development  of  Iron  Catalysts  for  the  Fischer-Tropsch  Synthesis,  Par  I  I  M.  Lex  a 
and  H  V.  Atwell,  U.  S.  Bur.  Mines  Rept.,  Pittsburgh,  Pa.,  1946,  pp  11  21. 
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One  of  the  earliest  studies  on  this  subject  was  made  by  Fischer.5  He 
had  observed  that  a  powdered  iron-copper  (4:1)  catalyst  prepared  by 
decomposition  and  ignition  of  the  metal  nitrates  produced  very  small 
quantities  of  hydrocarbon  products  at  atmospheric  pressure  and  tem¬ 
peratures  between  260°  and  270°C.  When  0.5  per  cent  potassium  car¬ 
bonate  (based  on  weight  of  Fe-Cu  oxides)  was  added  to  the  oxide  mixture, 
yields  of  25-30  g  of  C5+  hydrocarbons  (including  solid  paraffin)  were 
obtained,  per  cu  m  of  water  gas,  at  250°C.  Addition  of  the  alkali  either 
dry  or  as  a  paste  produced  the  same  results.  After  reactivation  with  air 
at  the  end  of  100  hr,  the  productivity  was  maintained  during  an  addi¬ 
tional  100  hr. 

As  shown  in  Figure  36,  about  0.3  per  cent  of  potassium  carbonate  was 
the  optimum  amount  of  alkali.  Tests  were  made  at  250° C  with  20  g 


Iigure  3  3G.  Effect  of  amount  of  added  K2C03  on  activity  of  4  g  of  Fe-Cu  (4:1) 
catalyst.  Reproduced  from  reference  5. 


oi  oxide  mixture  (15-cm  layer)  and  a  flow  of  4  1  per  hr  of  water  oas. 

mounts  smaller  than  0.3  per  cent  slowly  activated  the  catalyst  to  a 
state  that  was  maintained  for  about  200  hr.  More  than  1  per  cent  of 
potassium  carbonate  caused  an  immediate,  sharp  rise  in  activity,  which 

laXthl  ^  WnJy  40  hr-  Kodama  and  FuJimura  observed  simi- 
U  ly  that  an  iron-copper  (1 : 1)  catalyst  containing  about  0.5  per  cent  of 

ItZir^  ^  a  C°nSiderably  l0ng-  ^ose  containing 

W  hen  the  source  of  Potassium  was  IvF,  KI,  K2SiF6  KoHPO  K  w  i 
or  potassium  py  roantimonate,  and  was  added  in  amoU  c^p^na 
to  the  equivalent  quantities  of  TC  rn  „  •  .  .  •  ponding 

served.6  It  is  interit  nAo  „n)e  ^  ar^ effect  was  ob- 
mterestmg  to  note  in  several  patents  issued  in  1948  and 

29,  272-0  (1036).  **  K  Fuilmura,  Papers  Inst.  Phys.  Chem.  Research  (Tokyo). 
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1949  a  report  of  the  recent  discovery  of  the  activating  effect  of  0.2-20 
per  cent  alkali  pyroantimonate  and  5  per  cent  potassium  ferrate, 
K2Fe04.105  Potassium  sulfate  exhibited  a  poisoning  effect  upon  the  cata¬ 
lyst.5  Discussion  of  the  effect  of  sulfur  is  presented  in  a  later  section  of 
this  chapter,  p  312.  Although  chlorine  as  potassium  chloride  had  little 
effect  upon  the  activity  of  the  catalyst  and  did  not  inhibit  the  activating 
effect  of  potassium  carbonate,  chlorine  bound  to  iron  under  certain  con¬ 
ditions  retarded  or  destroyed  its  activity.  In  the  U.  S.  Bureau  of  Mines 
laboratory  this  phenomenon  was  the  subject  of  an  investigation,  which 
is  described  on  p  255  of  this  chapter. 

One-half  per  cent  (by  weight  of  metal  oxides)  of  the  carbonates  of 
other  alkalis,  lithium,  sodium,  rubidium,  calcium,  and  barium  was  added 
dry  to  powdered  iron-copper  (4:1)  catalyst,  to  compare  the  effect  of  other 
alkalis  with  that  of  potassium.  The  results  shown  in  Table  48  and 

Table  48.  Effect  of  Alkali  upon  Activity  of  Fe-Cu  (4:1)  Catalyst 


(4  g  catalyst  in  a  layer  5  cm  long,  tested  at  250  °C  at  a  flow  of  4  1  per  hr  of  water  gas.) 


Alkali 
Added,  0.5 
Per  Cent 

as 

Carbonate 

Conditions  at  Maximum 
Contraction 

First  Operating  (70-hr) 
Period 

Maximum 
Contrac¬ 
tion, 
per  cent 

Time, 

hr 

CO2  in 
Product 
Gas, 
per  cent 

Contrac¬ 
tion, 
per  cent 

CO2  in 
Product 
Gas, 
per  cent 

c5+ 

Hydro¬ 
carbons,  g 
per  cu  m  n 

K 

20.5 

11 

5.2 

6.4 

1.58  5.6 

Rb 

23.5 

11.5 

.  .  • 

4.5 

4.8 

1.20  4.3 

Na 

10.3 

21 

9.1 

7.5 

7.2 

0.30  1.1 

Ba 

10.4 

22 

9.2 

7.4 

7.8 

0.23  0.8 

Ca 

10.2 

21 

9.4 

6.6 

6.8 

0.18  0.6 

N  one 

7.4 

24 

7.2 

6.2 

5.3 

0.11  0.4 

Li 

6.0 

22 

6.4 

4.6 

4.0 

0.11  0.4 

°  Per  cubic  meter  of  IH2  +  ICO. 


Figure  37  were  obtained  in  a  70-hr  period  from  4  g  of  catalyst  tested  in 
a  layer  5  cm  long  at  250°C  and  at  a  flow  of  4  1  per  hr  of  water  gas  at  at¬ 
mospheric  pressure.5  The  potassium-  and  rubidium-containing  cata¬ 
log  M.  A.  Mosesman  (to  Standard  Oil  Development),  U.  S.  Patents  2,438,449, 
Mar.  23,  1948;  2,454,398,  Nov.  23,  1948;  2,455,096,  Dec.  7,  1948;  2,470,784,  May  24, 

1949. 
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lysts  produced  the  highest  yields  of  liquid  and  solid  hydrocarbons,  the 
distribution  of  products  being  strongly  shifted  toward  solids.  Calcium-, 
barium-,  and  sodium-containing  catalysts  showed  lower  activity,  which 
tapered  off  less  sharply  than  that  of  the  first  two  catalysts.  The  sodium- 
containing  catalyst  produced  more  liquid  hydrocarbons  than  the  po¬ 
tassium  catalyst.  Lithium  produced  a  poorer  catalyst  than  no  alkali. 

Because  the  German  objective  before  World  War  II  was  the  produc¬ 
tion  of  hydrocarbons  in  the  gasoline  and  Diesel  oil  ranges,  the  observa¬ 
tion  that  the  addition  of  sodium  favored  the  production  of  liquid  rather 


Figure  3-37.  Effect  of  adding  0.5  per  cent  alkali  on  activity  of  4  g  of  Fe-Cu  (4:1 ) 
catalyst.  Reproduced  from  reference  5. 


than  solid  hydrocarbons  was  of  interest.  Tests  were  made  with  catalysts 
containing  other  sodium  compounds,  such  as  sodium  glass  powder  and 
sodium  aluminate. 


Powdered  iron-copper  (1:1)  catalyst  was  mixed  with  10  per  cent  of 
glass  powder,  obtained  by  finely  pulverizing  soft  laboratory  glass  tubes, 
and  tested  at  atmospheric  pressure  in  a  20-cm  layer  (40  g)  with  a  flow 
velocity  of  4  1  of  water  gas  per  hr,  without  preliminary  reduction.  In 
the  first  24  hr  oi  the  test  at  270°C,  the  catalyst  produced  7  times  as  much 
liquid  hydrocarbons  as  a  control  catalyst  containing  no  glass  powder 

O  n!rr,reauCtlVatl0n’ the  Slass'P°wder  catalyst  showed  increased  activity  at 
oO  G ;  the  control  catalyst  was  virtually  inactive.  The  results  of  several 
a<ld,t,onaI  operating  periods  at  245‘C,  separated  by  periods  of  reactiva¬ 
tor,  with  air,  are  shown  in  Table  49.‘  The  highest  yield  was  47.2  g  of 
Cs+  hydrocarbons  per  c„  m  of  1H2  +  ICO,  obtained  after  168  hr  of 
ope, at, on.  1  he  whole  test  lasted  about  1,000  hr.  A  comparable  catalyst 
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richer  in  iron  (Fe:Cu  =  4:1)  produced  15.4  g  of  methane,  63.8  g  of 
^i_C4,  and  34.1  g  of  C5+  hydrocarbons  per  cu  m  of  1II2  4-  ICO  gas,  in 
the  first  24  hr  at  250° C.  A  shift  in  distribution  of  products  toward 
lighter  hydrocarbons  was  observed.  More  gaseous  hydrocarbons  and 
less  higher-boiling  oil  were  produced;  the  yield  of  hydrocarbons  in  the 
gasoline  range  was  the  same. 


Table  49.  Effect  of  Addition  of  10  Per  Cent  Sodium  Glass  Powder  to  Fe-Cu 

(1:1)  Powdered  Catalyst 

[Atmospheric-pressure  test  of  40  g  catalyst  (20-cm  layer),  using  a  flow  velocity  of 

4  1  per  hr  of  water  gas.] 


Hydrocarbons, 

Cumula- 

Temper- 

Contrac- 

g  per  cu  m  IH2  4-  ICO 

five 

ature, 

tion, 

Time, 

°C 

per  cent 

hr 

ch4 

C1-C4 

C54- 

24 

270 

31.7 

14.8 

55.3 

34.9 

96 

250 

32.5 

11.2 

52.0 

36.8 

168 

245 

29.0 

7.6 

43.9 

47.2 

288 

245 

34.2 

10.1 

53.7 

46.7 

480 

245 

33.2 

13.2 

61.7 

35.4 

480-636 

245 

31.1 

.... 

23.5 

780 

245 

24.9 

14.9 

46.6 

10.1 

798 

245 

30.2 

9.0 

43.6 

43.6 

798-983 

245 

34.0 

.... 

28.9 

Addition  of  larger  quantities  of  glass  powder  did  not  further  increase 
activity  but  did  decrease  the  life  of  the  catalyst.  For  example,  a  catalyst 
containing  equal  parts  of  iron-copper  (4:1)  oxide  and  glass  powder  gave 
a  maximum  contraction  of  38.5  per  cent  in  29  hr,  which  decreased  to  14 
per  cent  in  67  hr.  Removal  of  soluble  alkali  by  digesting  glass  powder 
with  nitric  acid  before  adding  it  to  the  catalyst  produced  little  effect 
upon  the  activity  of  the  catalyst.  An  iron-copper  (4:1)  catalyst  con¬ 
taining  10  per  cent  of  acid-treated  glass  powder  produced  a  maximum 
contraction  of  32.3  per  cent  and  the  following  hydrocarbon  products,  m 
grams  per  cubic  meter  of  water  gas:  methane  20.7,  C,-C,  69.3,  and 

3o  8 

The  effect  of  the  addition  of  sodium  aluminate  upon  a  20-cm  layer  of 
powdered  iron-copper  (4:1)  catalyst  tested  at  a  flow  velocity  of  4  1  per 
hr  of  water  gas  is  shown  in  Table  50.‘  Aluminum  hydroxide,  obtained 
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by  precipitation  from  the  nitrate  ammonia,  was  mixed  as  a  paste  w  ith 
varying  amounts  of  sodium  hydroxide  solution  and  then  was  evaporated 
to  dryness.  A  quantity  of  the  product  equivalent  to  10  per  cent  of  the 
catalyst  oxides  was  added  to  the  iron-copper  mixture.  One-third  mole 
of  sodium  hydroxide  per  mole  of  aluminum  hydroxide  was  the  optimum 
amount  to  add.  This  was  much  less  than  the  equivalent  amount  re¬ 
quired  to  produce  sodium  aluminate,  Al(ONa)3.  This  catalyst  was 
active  over  an  18-dav  period  and  produced  almost  50  g  of  C5+  hydro¬ 
carbons  per  cu  m  of  water  gas  at  a  low  temperature  of  230°C. 


Table  50.  Effect  of  Sodium  Aluminate  upon  an  Iron  Catalyst 
[Fe-Cu  (4:1)  -f-  10  Per  Cent  Al(OH)3] 

(Atmospheric-pressure  test  of  a  20-cm  layer  at  a  flow  velocity  of  4  1  per  hr  water  gas.) 


Hydrocarbons, 

NaOH  « 

Temper- 

Contrac- 

g  per  cu  m  water  gas 

Added, 

ature, 

tion, 

mole 

days 

°C 

per  cent 

ch4 

Ci-C4 

1 

230 

6.3 

46.9 

26.2 

1 

T5 

240 

.... 

15.4 

60.3 

22.8 

3 

240 

14.8 

62.7 

40.1 

3 

4 

230 

28.0 

5.7 

38.0 

26.2 

3 

5 

230 

31.4 

7.1 

36.6 

48.1 

3 

10 

230 

32.2 

10.0 

42.6 

49.6 

3 

14 

230 

33.2 

11.3 

48.5 

40.8 

0  Per  mole  of  Al(OH)3. 


\\  hen  10  per  cent  aluminum  hydroxide  was  added  to  an  iron-copper 
(4:1)  catalyst  previously  activated  by  dry  admixture  of  0.5  per  cent 
potassium  carbonate,  based  on  iron-copper  oxides,  the  production  of 
solid  paraffin  was  retarded.  In  a  test  at  250°C  small  amounts  of  paraffin 
appeared  in  96  hr;  in  a  similar  test  with  an  Al(OH)3-free  catalyst,  paraffin 

ffiTmth 'b  T  u  21  hr‘  •  In  a  teSt  at  240°C’ the  oil  w*s  colorless  until 
300th  hr  then  became  increasingly  yellow.  Very  little  solid  paraffin 

was  observed  until  the  200th  hr  in  this  test.  ‘ 

Pichler  L  reported  that  during  2  months  of  synthesis  two  pre¬ 
cipitated  iron  catalysts  containing  0  and  0.25  per  cent  of  added  K,CO 

based  on  non,  respectively,  showed  similar  activity  when  tested 
atm  of  3CO  +  2H,  and  235°C  «■  .  •  tebted  at  lo 

cent  of  K2C03  were  less  active  th!  w  tu"ta,mn«  more  than  1  per 
-  3  less  active  than  that  containing  0.25  per  cent,  as 
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shown  by  lower  gas  contractions  (Table  51).  The  more  rapid  produc¬ 
tion  of  elemental  carbon  in  the  more  highly  alkalized  catalysts  probably 
accounted  for  their  shorter  life.  As  previously  observed  by  Fischer,5  not 
only  the  carbonate  but  also  other  potassium  salts  could  be  used  to  furnish 
the  potassium. 


Table  51.  Effect  of  Alkali  Content  of  Precipitated  Iron  Catalysts  upon 
Yield  and  Distribution  of  Hydrocarbon  Products  in  Medium-Pressure 

Synthesis 

(235 °C  and  15  atm  of  3CO  -f-  2H2  gas  containing  8-10  per  cent  inerts.) 


Alkali 

Contraction,  per  cent 

Hydrocarbon  Products 

After  Time  Intervals,  days 

Yield 

C2+, 

Distribution, 

Com- 

Per 

weight  per  cent 

Cent 

pound 

of  Fe 

1 

2 

5 

6 

8 

9 

10 

20 

30 

40 

50 

60 

100 

g  per 

cum* 

C2-C4 

Liquid 

Wax'' 

None  c 

50 

50 

50 

50 

50 

49 

51 

51 

141 

21 

67 

12 

None 

53 

50 

48 

49 

140 

28 

67 

13 

K2C03 

0.25 

47 

50 

50 

51 

55 

56 

54 

54 

53 

148 

18 

56 

26 

k»co3 

0.5 

54 

54 

47 

45 

k2co3 

1 

45 

45 

45 

52 

48 

48 

47 

157 

11 

47 

42 

Iv.C03 

2 

45 

45 

47 

46 

47 

50 

143 

13 

44 

43 

Iv2C03 

5 

45 

50 

50 

51 

50 

40 

158 

11 

44 

45 

Iv2C03 

10 

50 

47 

50 

45 

42 

KMn04 

1 

40 

50 

51 

55 

50 

155 

14 

45 

41 

k2f2 

1 

57 

53 

55 

48 

163 

12 

42 

46 

K2Si03 

1 

54 

53 

46 

50 

158 

16 

41 

43 

k2hpo4 

1 

55 

46 

46 

40 

154 

10 

52 

38 

"  Grams  per  cubic  meters  3CO  +  2H2.  Average  of  first  month. 

6  Determined  by  butanone  method. 

<  This  catalyst  was  precipitated  by  NH4OH,  all  others  by  Na2C03. 


The  data  presented  in  Table  51  also  show  the  increased  production  of 
paraffin  wax  with  increasing  alkali  content  of  the  catalyst.  The  increase 
was  sharper  at  0.25  and  1  per  cent  of  added  K2C03  than  at  2  and  5  per 
cent  of  added  K2C03.  The  properties  of  the  paraffin  wax  produced  by  a 
catalyst  containing  1  per  cent  of  K2C03  are  shown  in  Table  52.  W  ien  a 
CO-rich  gas,  such  as  3CO  +  2H2,  was  used  and  the  catalyst  contained 
1  or  more  per  cent  of  K2C03,  the  paraffin  was  yellow  or  yellow-brown, 
when  a  Ho-rich  gas  was  used  with  a  catalyst  containing  little  or  no  alkali, 
the  paraffin  was  white  or  pale  yellow.  Pichler’s  «  data  indicated  also 


Effect  of  Alkali 


231 


Table  52.  Some  Properties  of  Wax  Produced  by  Precipitated  Iron  Catalyst 
Containing  1  Per  Cent  of  K2CO3  (Kaiser  Wilhelm  Institut) 


Solvent 

Weight  Per  Cent 
Soluble  in  Solvent  n 

Melting  Point 
°C 

Ether 

Wax  from  oil 

50 

66-70  " 

Hexane 

41 

90-104 

C 

9 

122 

Toluene 

Wax  from  catalyst 

126 

"  Extraction  in  Soxhlet  apparatus  for  24  hr. 
6  Reprecipitated  from  methyl  alcohol. 
c  Insoluble  in  ether  and  hexane. 


that  production  of  oxygenated  constituents  in  the  liquid  hydrocarbon 
fractions  was  favored  by  alkalization.  Table  53  shows  acid,  ester, 
saponification,  and  hydroxyl  numbers  of  the  product  boiling  over  180°C 
from  two  precipitated  iron  catalysts  containing  0.25  and  1  per  cent  of 
K2C03,  respectively. 


Table  53.  Oxygenated  Content  of  >180°C  Fraction  of  Product  from 
Alkalized  Precipitated  Iron  Catalysts  (Kaiser  Wilhelm  Institut) 


K2CO3  Content, 

Acid 

Ester 

Saponification 

Hydroxy 

per  cent  of  Fe 

Number 

Number 

Number 

Number 

0.25 

0.2 

0.2 

0.5 

2.3 

1 

1.8 

8.1 

9.9 

7.0 

1  <* 

0.1 

2.0 

2.1 

a  Catalyst  contained  40  per  cent  of  kieselguhr,  based  on  iron. 


The  iron  catalysts  tested  in  1938  and  1939  at  Steinkohlenbergwerk 
Rheinpreussen  Homberg  contained  iron  chiefly  in  the  ferric  form  and  in 
addition  about  0.2  per  cent  of  copper  and  0.25  per  cent  K2C03  (based 
on  iron).  They  were  gasoline-producing  catalysts  106  and  were  pre¬ 
cipitated  from  commercial  iron  by  sodium  carbonate  or  ammonia.  No 
copper  was  added  in  the  preparation  of  these  catalysts  because  earlier 
tests  had  indicated  that  small  amounts  (<0.5  per  cent,  based  on  iron) 
were  present  in  catalysts  precipitated  from  nitric  acid  solution  of  com¬ 
mercial  iron.  I  he  catalysts  were  inducted  with  CO-H2  mixtures  at 
atmospheric  pressure  and  about  250°C.  Medium-pressure  synthesis  in 
the  conventional  gas-phase  reactors  was  carried  out  at  temperatures  of 

106F.I.A.T.  Red  115-X,  Frames  1,181-261,  1938-9. 
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about  257° C  with  gas  mixtures  consisting  of  2H2  +  ICO  and  2H>  -f 
3C0.  The  results  obtained  in  two  single-stage,  4-month  tests  of  the 
sodium  carbonate-precipitated,  alkalized,  standard  iron  catalyst  oper¬ 
ated  at  10-15  atm  are  summarized  in  Table  54,  columns  A  and  B.  Dis¬ 
tribution  of  the  C.5+  fraction  from  the  test  with  2H2  -f-  3CO  gas  (col¬ 
umn  B )  was  as  follows,  in  weight  per  cent:  boiling  range  <200°C  65, 
200°-320°C  19,  and  >320°C  16.  The  C5  fraction  constituted  20  per 
cent  of  the  total  liquid  product,  C6  12-14  per  cent,  and  C7  10-12  per 
cent.  Olefins  comprised  70  per  cent  of  the  C5  fraction.  The  gasol  frac- 


Table  54.  Tests  of  Rheinpreussen  Precipitated,  Alkalized  Iron  Catalysts 


Catalyst 

A 

B 

C 

D 

Process  phase 

Gas 

Gas 

Liquid 

Liquid 

Time,  days 

120 

120 

Gas,  H2:CO 

2 

0.67 

0.5 

0.5 

Space  velocity 

140 

130 

75“ 

75“ 

Pressure 

Atmospheres 

10-15 

12 

10 

8-10 

Temperature,  °C 

257 

257 

250 

230-245 

CO  conversion,  per  cent 

90.2 

91.4 

About  90 

Use  ratio,  H2:CO  (X) 

0.5 

0.5 

Yield,  g  per  cu  m  of  H2  +  CO 

Ci  +  C2 

vs  b 

vs  6 

C3  -f-  C4  (olefins,  volume  per 
cent) 

32 

37(65) 

36 

C5+  (olefins,  volume  per  cent) 

113 

108(60) 

132 

Total 

168 

142 

Product  distribution,  per  cent  of 
CO  converted 

ch4 

13.0 

C3  4-  C4 

19.2 

C5  + 

06.6 

60.3 

Product  distribution,  C5+, 
weight  per  cent 

<200°C 

65(65)  c 
j.  19(72)d 

67.5(68.5) c 

200°-290°C 

25.5 

290°-320°C 

>320°C 

J 

16 

7 

\  50-60 

“  Volume  of  gas  per  volume  of  reaction  space  per  hour,  equivalent  to  750  volumes 
gas  per  volume  dry  catalyst  per  hour. 
b  Very  small. 

c  Motor  octane  number  in  parentheses. 
d  Cetane  number  in  parentheses. 
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tion  consisted  of  60  per  cent  C4  and  40  per  cent  C3  hydrocarbons.  When 
used  in  the  medium-pressure  liquid-phase  synthesis  the  development  ot 
which  is  described  in  Chapter  4,  the  same  catalyst  produced  less  methane 
and  larger  oil  fractions.  Column  C  of  Table  54  shows  some  performance 
data  reported  by  Kolbel  during  an  interview  in  1947. 107  The  fraction 
boiling  below  200° C  was  the  largest.  The  motor  octane  number  for  the 
fraction  boiling  below  150°C  was  77 ;  this  fraction  was  GO  per  cent  olefinic. 

When  the  Rheinpreussen  catalyst  contained  1  per  cent  K2CO3,  high 
wax  and  increased  alcohol  production  was  observed.  The  catalyst  used 
in  most  of  the  investigations  in  the  liquid  phase  had  the  composition 
100Fe:(0.2-0.5)Cu:  1K2C03.29-107  It  was  prepared  by  dissolving 
wrought  iron  in  nitric  acid  to  give  a  5  per  cent  solution  and  adding  0.3 
per  cent  (based  on  iron  content)  of  copper  as  the  nitrate.108  The  metal 
nitrate  solution  was  heated  to  boiling  and  precipitated  with  boiling  20 
per  cent  sodium  carbonate  solution  until  the  reaction  mixture  was  neutral 
(indicated  by  change  in  color  of  red  litmus  paper  to  violet).  The  pre¬ 
cipitate  was  filtered,  washed  several  times  with  a  ten-fold  quantity  of 
water,  calculated  on  iron  content,  impregnated  with  aqueous  K2C03,  and 
dried  at  110°C.  It  was  then  suspended  in  synthetic  oil  and  ground  in  a 
ball  mill  to  a  particle  size  <0.1  mm  in  diameter. 

Test  data  summarized  in  column  D  of  Table  54  were  obtained  with 
this  catalyst  in  one-stage  synthesis  in  the  liquid  phase.  A  suspension 
containing  10-20  per  cent  iron  was  tested  at  230°-245°C  and  8-10  atm 
of  1H2  +  2CO  gas  at  an  hourly  space  velocity  of  about  75.  As  high  a 
proportion  of  wax  as  67  per  cent  of  the  total  product  was  possible,  ie, 
95  g  when  the  total  yield  was  142  g  per  cu  m  of  1II2  +  2CO.  It  is  pos¬ 
sible  that  this  wax  had  an  initial  boiling  point  of  290°C,  but  yields  of  wax 
ol  br  >320°C  (74  g  in  a  total  of  140  g  per  cu  m,  or  50  per  cent)  were  not 
uncommon.  The  product  contained  50-60  per  cent  olefins  and  10-25  per 
cent  alcohols. 

When  interrogated  late  in  1947,  Kolbel  107  stated  that  recent  minor 
modifications  made  in  the  catalyst  resulted  in  increased  gas  utilization 
ratio  (H2:CO)  and  permitted  the  use  of  water  gas  or  synthesis  gas  under 
suitable  operating  conditions.  He  did  not  reveal  what  the  changes  were 
but  admitted  that  no  carrier  had  been  incorporated. 

r.J he  ®areaiJ  ot  Mines  Research  and  Development  Laboratory  of  the 
Office  of  Synthetic  Liquid  Fuels  studied  the  effect  of  alkali  in  cemented 
iron  particles  cemented  into  granules  by  addition  of  Al(NOa),  or  other 
binding  agent],  fused,  and  precipitated  iron  catalysts.  A  series  of  al- 

Bias. vM  30.  °al1' and  S'  u  Smi,h’ PB  91 ‘>25  w*  *  pp; 

108F.I.A.T.  Reel  116-X,  Frames  1,631-72,  13th  Communication,  1,693-6. 


234  Development  of  Fischer-Tropsch  Catalysis 

kalized  cemented  catalysts  was  prepared  from  finely  divided  magnetite 
ore  which  had  been  concentrated  by  magnetic  separation.  The  pro¬ 
cedure  for  preparing  the  catalysts  was  as  follows:  The  finely  divided 
magnetite  ore  was  mixed  in  a  large  evaporating  dish  with  a  30  per  cent 
solution  of  A1(N03)-9H20  in  the  proportions  equivalent  to  lOOFe: 
3.5AUO3.  The  mixture  was  evaporated  to  dryness  while  it  was  con¬ 
stantly  stirred  and  was  then  dried  in  an  electric  oven  at  150°C  for  about 
15  hr.  The  product  was  broken  up  and  the  6-8  mesh  granules  collected 
and  heated  at  500°  C  for  16  hr.  Analysis  of  a  sample  of  the  catalyst  at 
this  point  showed  that  its  composition  was  as  follows,  in  per  cent  by 
weight:  69.3  total  Fe,  14.8  Fe+2,  54.3  Fe+3,  2.06  A1203,  0.04  K20,  and 
0.04  Na20.  Portions  of  the  catalyst  were  alkalized  with  varying  amounts 
of  K2C03  by  making  a  paste  of  the  catalyst  and  the  alkali  solution  and 
evaporating  the  mixture  to  dryness.  Final  drying  was  done  for  15  hr  at 
150°C. 

In  the  synthesis  tests,  the  catalyst  samples  were  reduced  for  20  hr  at 
450°C  in  dry  hydrogen  flowing  at  1,000  cc  per  g  of  catalyst  per  hr  and 
were  tested  at  7  atm  of  1H2  +  ICO  gas,  an  hourly  space  velocity  of  100, 

Table  55.  Influence  of  Alkali  Content  of  Cemented  Iron  Catalysts  on 

Activity  and  Product  Distribution  in  Tests  at  7  Atm  of  IHo  +  ICO  Gas 
and  Hourly  Space  Velocity  of  100  (U.  S.  Bureau  of  Mines) 


K2O,  per  cent  of  Fe 
Test,  X  .  .  . 

Catalyst  number 
Time,  weeks 

Average  temperature,  °C 
Total  acid  number  of  aque¬ 
ous  +  hydrocarbon 
phases 

Product  distribution, 
weight  per  cent 

CH4 

C2 

C3  +  C4 
C1-C4 
C5  + 

<185°C 
185°-352°C 
352°-464°C 
>464 °C 

Infrared  analysis  of  distilla¬ 
tion  cuts,  weight  per 
cent 

185°C,  OH 

a-Olefin 
Other  olefins 
185-352°C,  OH 

a-Olefins 
Other  olefins 


0.07 

167 

A3218.00 

3 

280 


1.58 


20.1 

11.0 

25.4 

56.5 

22.4 

17.5 
2.4 
0.6 


0.23 

1.62 

8.40 

0.02 

0.20 

3.59 


0. 16 
179 

A3218.01 

5 

256 


1.35 


16.9 

8.6 

19.2 

44.7 

24.5 

24.8 
5.9 
1.6 


0.60 

1.15 

7.08 

0.02 

0.17 

3.39 


0.54 

196 

A3218.087 

8 

228 


4.78 


8.0 

4.9 

10.4 

23.3 

18.0 

26.1 

11.4 
21.2 


3.64 

6.70 

1.09 

0.67 

2.05 

2.26 


0.59 

153 

A3218.05 

7 

232 


4.76 


6.6 

5.4 

12.4 

24.4 

18.6 

22.8 

10.3 

23.9 


4.34 
5.86 
1.56 
0.70 
2.29 

2.34 


1.35 

191 

A3218.125 

2 

262 


16.15 


17.3 

10.0 

14.5 

41.8 

17.9 

19.8 
8.5 

11.9 


2.54 

8.60 

0.14 

0.36 

2.44 

0.47 


2.36 

186 

A3218.20 

1 

264 


23.09 


18.7 

8.8 

12.4 

39.9 

27.7 
25.3 

6.4 

0.8 


2.41 

7.98 

0.14 

0.49 

5.24 

0.32 
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and  a  temperature  varied  to  maintain  a  gas  contraction  (C02-free)  of 
63-65  per  cent.  The  test  data,  presented  in  order  of  increasing  K20 
content,  are  summarized  in  Table  55.109  The  tests  showed  that  alkali  was 
necessary  for  a  good  catalyst  and  that  the  optimum  K20  content,  with 
respect  to  the  life  of  the  catalyst,  was  about  0.6  part  per  100  parts  of  Fe. 
The  two  catalysts  that  contained  this  quantity  of  alkali  were  operated 
at  low  temperatures  of  about  230°  C  and  showed  no  disintegration  upon 
removal  from  the  reactor,  as  indicated  in  T  able  56.  T  his  information  is 


Table  56.  Condition  of  Catalyst  at  Termination  of  Test 


K2O  Content, 
per  cent  of  Fe 

0.07 

0.16 

0.54 

0.59 

1.35 

2.36 


Condition  on  Removal 

85  per  cent  dropped  freely;  top  15  per  cent  remained  in 
reactor  and  contained  wax  and  carbon. 

Dropped  freely;  very  little  disintegration. 

Dropped  freely;  no  disintegration. 

Dropped  freely;  no  disintegration. 

Reactor  plugged;  catalyst  contained  wax  and  carbon;  con¬ 
siderable  disintegration. 

Reactor  plugged;  complete  disintegration. 


interpreted  on  the  assumptions  that  the  formation  of  an  iron  carbide  in 
the  catalyst  is  essential  to  high  activity  and  that  the  presence  of  alkali 
increases  the  rate  of  carbide  as  well  as  free-carbon  formation.  These 
assumptions  are  in  agreement  with  the  experimental  work  of  Pichler 
and  Merkel.110  Ihus,  in  catalysts  containing  small  amounts  of  alkali, 
the  carbide  phase  was  formed  slowly  and  its  formation  was  accompanied 
by  increasing  activity,  ie,  lower  temperatures  of  operation.  In  test  X167, 
the  initial  temperature  was  290°  C  and  it  decreased  to  275°  C;  this  high 
initial  temperature  caused  sufficient  deposition  of  free  carbon  to  result  in 
plugging  of  part  of  the  catalyst.  At  0.6  per  cent  of  K20,  carbide  forma¬ 
tion  was  sufficiently  rapid  so  that  the  operating  temperature  remained 
constant  and  free  carbon  was  not  formed  in  large  amounts.  In  catalysts 
containing  more  than  1  per  cent  of  K20,  the  rate  of  carbide  and  free- 
carbon  deposition  was  very  rapid ;  rapid  decrease  in  activity  was  prob¬ 
ably  the  result  of  disintegration  of  the  catalyst  structure.  These  cata- 
ysts  showed  loss  in  granular  structure  and  were  present  in  the  form  of  a 
heavy  paste,  which  smelled  strongly  of  organic  acids  when  removed  from 
the  reactor.  The  total  carbon  content  increased  with  alkali  content,  as 
shown  in  Figure  38,  in  which  the  total  carbon  deposited  per  week  is 
plotted  against  alkali  content.  The  subject  of  free-carbon  and  carbide 

”  H  HcSTand  H  s  fi  *"£*"•  *»  be  pubUshed. 

n.  nchkr  and  H.  Merkel,  U.  S.  Bur.  Mines  Tech.  Paper  718  (1949),  108  pp. 
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Figure 


Figure 


38.  Effect  of  alkali  on  the  rate  of  formation  of  carbon  on  the  catalyst. 
Unpublished  work  of  U.  S.  Bureau  of  Mines. 


;-39.  Effect  of  alkali  on  acid  production  in  iron  catalyst.  Unpublished 
work  of  U.  S.  Bureau  of  Mines. 
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formation  is  discussed  at  length  in  Chapter  6,  p  464.  In  Figure  39,  a 
plot  of  acid  number  of  the  combined  aqueous  and  hydrocarbon  phases 
versus  alkali  content  of  the  catalyst  shows  the  same  trend.  Variation 
in  operating  temperature  also  affected  the  formation  of  acids,  which 

decreased  with  increasing  temperature. 

The  product  distribution  was  difficult  to  correlate  with  alkali  content 
in  these  tests  because  of  the  sharp  variation  in  synthesis  temperatures. 
The  average  molecular  weight  and  alcohol  concentration  were  at  a  max¬ 
imum  in  the  tests  operated  at  low  temperatures.  The  ratio  of  a-olefins 
to  |3-  and  other  olefins  increased  with  alkali  content.  Thus,  if  a-olefins 
are  the  primary  product,  the  presence  of  alkali  decreases  the  rate  of  their 
isomerization. 

When  the  binding  agent  was  5  per  cent  of  borax  (Na2B407),  an  active 
catalyst  was  produced.  However,  a  catalyst  containing  potassium 
borate  (K2B407)  and  one  containing  borax  to  which  0.5  per  cent  of  K20 
had  been  added  were  not  active.  These  observations  suggest  that  K20 
in  the  presence  of  B203  is  a  poison  to  this  type  of  catalyst. 

Precipitated  and  fused  iron  catalysts  showed  a  similar  effect  of  the  in¬ 
fluence  of  alkali,  as  indicated  by  the  data  summarized  in  Table  57. 109 


Table  57.  Influence  of  Alkali  Content  of  Precipitated  and  Fused  Iron 
Catalysts  upon  Activity  and  Products  in  Tests  at  7  Atm  of  1H2  +  ICO 

Gas  (U.  S.  Bureau  of  Mines) 


Precipitated 


Fused 


Catalyst 

P3003.040 

P3003.042 

P3003.043 

P2007 

A3207 0 

KeO,  per  cent  of  Fe 

0  6 

0.34  b 

0 . 68  b 

0  b 

0. 

40 

Test,  X  .  .  . 

130 

224 

211 

222 

210 

Time,  weeks 

7 

5 

6 

4 

6 

Space  velocity 

109 

112 

100 

91 

98 

Average  temperature,  °C 

265 

261 

254 

268 

254 

Contraction,  per  cent  d 

66.7 

66.7 

65.3 

65.0 

62. 

_ 

Production  distribution,  weight 

per  cent 

ch4 

20.5 

15.3 

11.2 

18.7 

13. 

8 

C2 

14.3 

15.7 

11.3 

10.3 

7. 

5 

C3  4-  C4 

c,-c4 

c6+ 

24.1 

65.0 

35.0 

27.2 

58.2 

41.8 

22.6 

42.7 

57.3 

25.4 

55.4 
44.6 

18. 

43. 

56. 

8 

1 

9 

“  P2007  +  K2CO3. 
b  Estimated  from  starting  materials. 


c  Calculated  from  analysis. 
d  CO'j-free. 


The  precipitated  catalysts  were  prepared  by  adding  to  a  solution  of  the 
metal  nitrates  containing  iron  and  copper  in  the  ratio  of  100' 10  a  solu 
t.on  of  sodium  carbonate.  Eighty  per  cent  of  the  precipitant  was  added 
at  room  temperature,  after  which  the  mixture  was  heated  to  70°C  and 
the  remaining  (5  per  cent  excess)  boiling  carbonate  solution  was  added 
The  slurry  was  heated  to  100°C,  boiled  for  about  1  min,  and  filtered' 
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The  filter  cake  was  washed  with  hot  distilled  water  until  the  wash  water 
was  nitrate-free.  The  catalyst  was  alkalized  by  making  a  paste  of  the 
wet  filter  cake  with  a  solution  of  the  calculated  amount  of  K2C03  and 
evaporating  the  mixture  to  dryness.  Final  drying  was  done  for  15  hr 
at  100°-110°C.  In  preparation  of  the  fused  catalysts  tested  in  Table 
57,  finely  divided  magnetite  ore  was  mixed  with  powdered  A1203  in  the 
ratio  of  100Fe:4.5Al203  and  the  mixture  fused  in  an  iron  pot  lined  with 
magnetite  by  an  electric  current  between  two  water-cooled  iron  elec¬ 
trodes.  After  the  fused  melt  had  cooled,  it  was  broken  into  6-8  mesh 
granules.  The  catalyst  was  alkalized  by  impregnation  with  KN03  by 
the  same  procedure  described  for  alkalization  of  the  cemented  catalysts. 

The  effect  of  alkali  content  on  usage  ratio  of  H2:CO  is  shown  in  Table 
58. 109  Data  obtained  from  tests  of  a  fused  synthetic-ammonia-type 


Table  58.  Effect  of  Alkali  Content  of  Iron  Catalysts  on  H2:CO  Use  Ratio 
in  Tests  at  7  Atm  of  1H2  +  ICO  (U.  S.  Bureau  of  Mines) 


Synthesis 


Test, 

k2o, 

Temperature, 

Use  Ratio 

X  .  .  . 

per  cent  of  Fe 

°C 

of  H2:CO 

Cemented  catalysts  (A3218  series) 

107 

0.07 

280 

0.81 

179 

0.10 

250 

0.71 

190 

0.54 

228 

0.75 

153 

0.59 

232 

0.70 

191 

1.35 

202 

0.79“ 

180 

2.30 

204 

0.78“ 

Precipitated  catalysts  (P3003  series) 

130 

0 

205 

0.89 

224 

0.34 

201 

0.08 

211 

0.08 

254 

0.04 

Fused  catalysts 

(P2007  and  A3207) 

222 

0 

208 

0.83 

210 

0.40 

254 

0.71 

a  These  values  are  uncertain; 


based  upon  data  from  only  1  week  of  operation. 


catalyst  of  various  particle  sizes  indicated  that  the  use  ratio  was  in¬ 
dependent  of  operating  temperature,  as  shown  below: 


Test, 
X  .  . 
212 
152 
118 
201 


Synthesis 

Temperature, 

°C 

200 

250 

238 

220 


Use  Ratio 
of  H2:  CO 

0.70 

0.72 

0.77 

0.78 


Effect  of  Alkali  -•> ' 

Thus,  it  was  unlikely  that  variations  in  the  temperature  of  the  tests  in 
Table  58  influenced  the  use  ratio  of  H2ICO.  1  he  data  in  this  table  may 
then  be  interpreted  to  indicate  a  slight  decrease  in  use  ratio  with  increase 
in  alkali  content.  This  conclusion  is  in  agreement  with  data  obtained  by 
Ruhrchemie  in  laboratory  tests  with  an  alkalized,  precipitated  iron  cata¬ 
lyst  of  which  the  composition  was  100Fe:5Cu :  10CaO:30  kieselguhr. 


Table  59.  Effect  of  Alkali  in  Precipitated  Iron  Catalyst,  100Fe:5Cu: 
10CaO:30  Kieselguhr,  for  Synthesis  at  220°C  and  10  Atm  of  IH2  +  ICO 
Gas,  with  Recycle  of  Residual: Feed  Gas  =  2.2:1  (Ruhrchemie) 


Test 

Alkali 

Reduc¬ 

tion 

Value, 

per 

cent  0 

Synthesis  Conditions 

Potassium 

Compound 

KoO 

Content, 
per  cent 
of  Fe 

Temper¬ 

ature, 

°C 

U  b 

Mv' 

X  d 

Aver¬ 

age 

X  d 

714 

Water  glass  e 

0.5 

210 

40 

20 

1  .0 

715 

Water  glass 

0.5 

02 

215 

70 

22 

1  .2 

720 

Water  glass 

0.5 

214 

58 

22 

0.9 

1.0 

712 

Water  glass 

0.5 

71 

223 

45 

20 

1.0 

721 

Water  glass 

1.1 

62 

220 

59 

19 

0.79 

723 

Water  glass 

1.1 

67 

211 

37 

12 

0.75 

0.81 

717 

Water  glass 

1.1 

215 

52 

20 

0.9 

709 

Carbonate 

2.0 

75 

220 

00 

20 

0.75 

1 

700 

Hydroxide 

2.5 

63 

223 

55 

11 

0.72 

0.73 

a  Acetic  acid  method. 

6  Per  cent  CO  +  H2  converted. 

'  CH4,  per  cent  of  CO  +  H2  converted. 
d  Use  ratio,  H2:CO. 

'Composition:  342Si02,  1 1 1  Iv,  and  21Na,  g  per  1. 


I  his  catalyst  was  precipitated  by  adding  a  boiling  solution  of  the  metal 
mtrates  to  a  boiling  solution  of  sodium  carbonate  (for  further  details  see 
(  :  this  chapter) ;  the  kieselguhr  was  mixed  into  the  slurry.  After 

nitration,  the  filter  cake  was  impregnated  with  KOH,  K2CO,  or  ootns- 
sium  water  glass  containing,  in  grams  per  liter,  342  Si02,  111  K  and  21 
Na^  The  catalyst  in  the  form  of  3-mm  granules  «  reduced  wUh 

for  Thu  '13  a,h?Ut  00  C  and  an  hourly  space  velocity  of  5,000-6  000 
O  1  hr.  1  he  data  summarized  in  Table  59  "■  were  obtained  in  tests  of 

111  T.O.M.  Reel  42,  Bag  3,439,  Item  22,  Frames  343-414. 
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210 

200-1,000-hr  duration  at  10  atm  of  IH2  T-  ICO  gas,  with  recycle  of 
residual :  feed  gas  of  2.2:1.  The  decrease  in  use  ratio  with  increase  in 
alkali  content  is  evident.  Also,  a  decrease  in  methane  production  was 
indicated,  which  may  be  interpreted  to  mean  that  a  corresponding  in¬ 
crease  in  the  higher-molecular-weight  fractions  occurred. 


DECOMPOSITION  AND  PRECIPITATED  CATALYSTS 

The  first  catalysts  of  Fischer  were  prepared  by  decomposition  of  the 
metal  nitrates  and  were  obtained  as  fine  powders  of  the  metal  oxides  or 
were  deposited  upon  carriers.  This  procedure  was  recommended  by 
Fischer  5  for  the  preparation  of  the  alkalized  iron-copper  (4:1)  catalyst, 
for  example.  Alkali  was  introduced  in  either  of  two  ways:  by  depositing 
the  iron-copper  oxides  on  Stuttgart  carrier,  which  consisted  of  sand  par¬ 
ticles  mixed  with  a  few  per  cent  of  sodium  water  glass  as  binder,  or  by 
adding  potassium  carbonate  to  the  iron-copper  oxides  mixture.  The 
procedure  was  as  follows:  A  steel-lined  revolving  drum  was  charged 
with  4-6-mm  granules  of  Stuttgart  carrier,  and  then  with  crystalline 
ferric  and  copper  nitrates.  The  mixture  was  heated  to  130°C  in  25-30 
min  and  kept  at  that  temperature  for  about  30  min.  Then  the  tempeia- 
ture  was  raised  to  220° C  in  35  min.  The  mixture  was  then  allowed  to 
cool  gradually.  It  was  reported  that  heating  for  too  long  or  at  too  high  a 
temperature  produced  a  poor  catalyst,  possibly  as  a  result  of  intei  action 
of  silicic  acid  in  the  carrier  with  the  metal  oxides.  The  powdered  cata¬ 
lyst  was  similarly  prepared  by  decomposing  the  nitrates  and  then  adding 
potassium  carbonate  dry  or  in  aqueous  solution.  The  catalyst  was  re¬ 
duced  in  the  converter  at  synthesis  temperature  with  the  synthesis  gas, 
which  was  usually  water  gas.  These  catalysts  were  not  satisfactory 
under  the  conditions  of  synthesis  then  in  use.  Later,  moderately  actn  e 
decomposition  catalysts  were  obtained.  Pichler  32  reported  that  experi- 
ments  conducted  at  the  Kaiser  Wilhelm  Institut ^ ^““schung 
(KWI)  with  catalysts  of  this  type  at  lo  atm  ol  3C  O  +  2H2  and  2 
aave  satisfactory  conversion  after  pretreatment  of  the  catalyst  with  «• 
same  gas  at  atmospheric  pressure  and  250°C.  By  increasing  le  em- 
perature  2°-3°C  each  week,  conversion  could  be  kept  constant  loi  moi 

thThe  successful  precipitation  of  nickel  and  cobalt  catalysts  in  1931- 
,932  led  to  the  study  of  iron  catalysts  prepared  by  the  ^me  techm i 
These  iron  catalysts  were  found  to  be  active  at  23o  -255  C,  especial 
after  methods  of  pretreatment  and  operation  (at  medium  pressuies  o 
aboutVlo  atm)  had  been  developed.  In  the  Kuhrchemie  laboratory 

German  Patent  Applic.  St  56,856,  Nov.  23,  1937. 
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in  which  kieselguhrs  and  kieselguhr-containing  cobalt  catalysts  were  in¬ 
tensively  studied,  iron  catalysts  were  precipitated  on  kieselguhr.  In¬ 
deed,  the  Ruhrchemie  considered  the  absence  of  kieselguhr  in  the  KWI 
iron  catalysts  an  important  disadvantage  in  large-scale  manufacture, 
particularly  during  filtration.  Other  carriers,  such  as  water  glass, 
Luxmasse,  and  dolomite,  were  also  used  by  the  other  German  companies 
that  were  developing  iron  catalysts.  In  1943—1944,  the  KWI,  Ruhr¬ 
chemie,  and  Rheinpreussen  did  development  work  on  highly  active  pre¬ 
cipitated  catalysts  which  could  be  successfully  operated  at  synthesis 
temperatures  of  about  220° C  and  low  pressures  (10  atm  to  atmospheric). 


Promoters 

Effect  of  copper.  The  effect  of  varying  the  amount  of  copper  in¬ 
corporated  in  the  decomposition  catalyst  of  Fischer  is  shown  by  the  re¬ 
sults  in  Table  GO.5  The  catalysts  containing  iron  and  copper  in  the  ratios 


Table  60.  Effect  of  Copper  Concentration  upon  Activity  and  Yields  of 

Fe-Cu  Catalyst 


(Fe  and  Cu  oxides  on  Stuttgart  carrier,  70  g  of  catalyst,  30-cm  layer  of  catalyst  tested 
with  water  gas  at  250 °C  and  flow  of  4  1  per  hr.) 


Fe:Cu 

Ratio 

Time, 

hr 

Con¬ 
trac¬ 
tion, 
per  cent 

Hydrocarbons, 
g  per  cu  m  lHo  +  ICO 

CO2  in 
Product 
Gas, 
per  cent 

Contraction 

ch4 

C!-C4 

c5+ 

Hr 

Per  Cent 

9 :  1 

41 

25 

8.5 

42.0 

19.9 

20.1 

64 

6 

4:1 

28 

35 

13.0 

58.2 

38.1 

33.2 

117 

14 

2:1 

24 

37 

15.0 

60.8 

34.7 

31.2 

112 

27 

1:1 

41 

33 

14.9 

55.6 

17.2 

32.3 

116 

26 

of  4 : 1  and  2 : 1  produced  the  highest  yields  of  liquid  hydrocarbons  The 
y.eld  of  hydrocarbons  boiling  in  the  gasoline  range  was  slightly  higher 
rom  the  4Fe :  1  Cu  catalyst.  In  all  four  experiments,  which  were  done  at 
atmospheric  pressure  of  water  gas,  carbon  dioxide  was  the  chief  sec- 

rn7hePr: r- ,nThe  ir°n'rieh  Catalyst  (9Fe:1Cu>  was  less  durable 
f,4  hr  Tt  fS;  he  contractlon  in  this  test  dropped  to  6  per  cent  in 
h4  hr.  It  is  of  interest  to  observe  that  Fujimura  '»  could  find  little,  if 

K-  Fuiimura.  &*'•  P«V*r*  Inst.  Phys.  Chem.  Research  (Tokyo),  29,  280-4  (1936), 
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any ,  diffeience  in  catalytic  activity  during  atmospheric-pressure  syn¬ 
thesis  with  iron-copper  catalysts  containing  iron  and  copper  in  the  ratios 
1:2,  1: 1,  3:1,  and  5:1. 

The  presence  of  large  quantities  of  copper  (20-25  per  cent,  based  on 
iron)  had  a  deleterious  effect  upon  the  life  of  iron  catalysts  at  high 
temperatures,  probably  because  of  the  alloying  of  iron  with  copper  or 
sintering  of  the  catalyst  particles.  High  temperatures,  ie,  over  250°C, 
were  reached  during  synt  hesis  at  atmospheric  pressure -and  in  the  early 
tests  in  the  medium-pressure  synthesis.  Later,  temperatures  of  more 
than  300°C  were  used  in  certain  pretreatment  techniques  (at  KWI)  for 
the  preparation  of  catalysts  for  medium-pressure  synthesis.  As  a  con¬ 
sequence,  the  iron  catalysts  developed  for  medium-pressure  synthesis 
usually  contained  less  than  10  per  cent  of  copper,  by  weight  of  iron. 

Other  promoters.  In  addition  to  alkali  and  copper,  other  materials 
have  been  reported  to  promote  the  activity  of  Fischer-Tropsch  iron 
catalysts.  Tsuneoka  and  his  coworkers  114-117  and  Kita  118  incorporated 
the  following  promoters  in  iron-copper-kieselguhr  catalysts:  K,  Mn,  Rb, 
H3BO3,  Ni,  and  Co.  Two  catalysts,  of  composition  4Fe:lCu:5  kiesel- 
guhr:0.08K2C03  and  4Fe:lCu:5  kieselguhr:0.08K2C03:0.08Mn,  were 
prepared  by  Tsuneoka  by  mixing  solutions  of  the  nitrates  with  unpurified 
kieselguhr  and  precipitating  with  a  solution  of  an  equivalent  amount  of 
alkali  carbonate.  The  precipitate,  after  filtration  and  washing,  was 
impregnated  with  a  small  amount  of  potassium  carbonate,  air  dried  at 
100°C,  and  pulverized.  The  yields  were  83  and  88  cc  of  liquid  hydro¬ 
carbons,  respectively,  per  cu  m  of  a  gas  containing  equal  parts  of  hy¬ 
drogen  and  carbon  monoxide,  when  3.8  1  per  hr  per  4  g  ol  iron  was  em¬ 
ployed  at  250°C.  A  catalyst  of  which  the  composition  was  4Fe:  lCu:5 
kieselguhr  :0.08Rb2C03:0.08Mn  resulted  in  a  yield  of  90  cc  per  cu  m. 
When  3  per  cent  A1203  was  added  to  the  iron-copper-kieselguhr-potas- 
sium  carbonate-manganese  catalyst  after  precipitation,  the  hydro¬ 
carbon  yield  was  increased  to  94  cc  per  cu  m.  The  oxygen  appeared 


114  g  Makino,  H.  Koide,  and  Y.  Murata,  ibid.,  37,  350-65  (1940);  J.  Soc.  Chew. 

Ind.  Japan,  43,  Suppl.  Binding,  235-41  (1940). 

115  Y.  Murata  and  S.  Makino,  Sci.  Papers  Inst.  Phys.  Chew.  Research  (Tokyo),  37, 
338-49  (1940);  ./.  Soc.  Chem.  Ind.  Japan,  43,  Suppl.  Binding,  210-5  (1940). 

116  Y.  Murata,  S.  Makino,  and  S.  Tsuneoka,  Sci.  Papers  Inst.  Phys.  Chew.  Research 
(Tokyo),  35,  348-55,  356-64  (1939);  J.  Soc.  Chem.  Ind.  Japan,  42,  Suppl.  Binding, 

114-21  (1939). 

m  S.  Tsuneoka,  Y.  Murata,  and  S.  Makino,  Sci.  Papers  Inst.  Phys.  Chem.  Research 
(Tokyo),  35,  330-6,  337-47  (1939);  J.  Soc.  Chem.  Ind.  Japan,  42,  Suppl.  Binding, 

10L™u. s-  apc  sn272>i75>  May  6>  1930,  u-  s-  APC  sN391’721,  May  4’ 

1941;  British  Patent  529,390,  Nov.  20,  1940. 
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entirely  as  carbon  dioxide  rather  than  as  water,  which  is  the  main 
oxygen-containing  product  ol  cobalt  and  nickel  catalysts.  Ivita  s  cata¬ 
lyst  contained  iron,  copper,  kieselguhr,  manganese,  and  boric  acid  in  the 
ratio  4:1:5:0.08:0.08  and  an  indeterminate  quantity  of  alkali  as  potas¬ 
sium  carbonate  and  hydroxide.  The  optimum  amounts  of  copper  and 
K2C03  for  this  catalyst  were  found  to  be  20-40  per  cent  and  2-3  per 
cent,  respectively.  The  addition  of  5  per  cent  of  nickel  or  cobalt  en¬ 
hanced  the  activity  for  2H2  -f-  ICO  synthesis  gas  but  was  undesirable  for 
gas  containing  1H2  +  ICO.  Formation  of  water  was  observed  when  the 
catalyst  contained  more  than  2.5  per  cent  of  nickel.  The  addition  of 
thoria  or  urania  to  an  iron  catalyst  containing  10  per  cent  of  nickel  did 
not  appreciably  affect  its  activity. 

Calcium  oxide  and  copper  were  the  chief  promoters  used  by  Ruhr- 
chemie.  When  interrogated  in  1945,  Roelen  stated  that  several  thousand 
trial  batches  of  iron  catalysts  had  been  prepared  in  the  Ruhrchemie 
laboratories  and  that  catalyst  tests  had  been  made  on  a  scale  varying 
from  50  cc  to  1,000  1  of  catalyst.  Although  it  was  known  that  variations 
in  the  calcium  oxide  and  copper  content  of  the  catalyst  affected  the 
activity,  particularly  the  use  ratio  of  H2:CO,  research  had  been  tempo¬ 
rarily  restricted  to  catalysts  with  a  fixed  ratio  100Fe:5Cu:  lOCaO,  so 
that  the  influence  of  other  variables  could  be  investigated.  Roelen  85 
thought  that  there  was  little  difference  in  catalytic  effect  between  alu¬ 
minum  oxide  as  used  by  Lurgi  and  calcium  oxide  as  used  by  Ruhrchemie. 

Rheinpreussen  described  a  catalyst  for  normal-pressure  synthesis  in 
which  magnesium  was  a  promoter;  its  composition  was  100Fe:10Cu: 
20Mg:50  kieselguhr:  1K2C03. 108  Into  the  solution  of  metal  nitrates, 
containing  50  g  Fe  per  1,  was  stirred  the  kieselguhr.  The  slurry  was 
added  to  a  20  per  cent  solution  of  sodium  carbonate  containing  10  per 
cent  more  precipitant  than  the  stoichiometric  equivalent.  The  mixture 
was  heated  to  boiling,  filtered,  and  washed  several  times  with  a  seven- 
iold  quantity  of  hot  distilled  water,  calculated  on  the  iron  content.  The 
wet  filter  cake  was  alkalized  by  impregnation  with  aqueous  K„C03  and 
dried  at  110°C.  The  iron  density,  or  content,  of  the  dry  catalyst  was 
gle  per  1.  Magnesium  was  incorporated  into  other  Rheinpreussen 
catalysts,  described  later  in  this  chapter  (p  208),  through  the  use 

o  the  carrier,  dolomite,  in  which  magnesium  is  one  of  the  chief  con¬ 
stituents. 

Beginning  early  in  1940,  research  on  iron  catalysts  to  replace  cobalt 
or  the  production  of  wax  suitable  for  oxidation  L  under, aC  in  the 
A*.  1  arben.  Ammonia  Laboratory  at  Oppau.70  The  first  catalvst  thnt 

(Table,; WoT 1SG  nd  ',he  Composition’  100Fe:25Cu:100Al203:10K 

,  O  umn  1),  and  was  prepared  by  drop  wise  precipitation  over  a 
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Catatysts  all  contained  100Fe:25Cu  in  addition  to  constituents  shown. 

Precise  composition  not  given. 

Degree  of  branching  determined  by  empirical  method  of  Schaarschmidt,  using  antimonypentachloride. 


Promoters 


215 


time  interval  of  2  days.  Synthesis  with  this  catalyst  in  15-mm-I.D. 
electrically  heated,  gas-phase,  catalyst-testing  reactors  at  12  atm  ol 
ICO  +  2H2  gas  and  a  space  velocity  of  240  volumes  of  feed  gas  per  vol¬ 
ume  of  catalyst  per  hour  could  be  carried  out  for  a  maximum  of  135  days 
at  a  constant  temperature  of  210°C  without  any  loss  in  activity.  How¬ 
ever,  during  this  time  the  distribution  of  products  shifted,  owing  to  a 
decrease  in  paraffin  yield  from  GO  to  45  per  cent. 

Since  the  preparation  of  this  catalyst  was  laborious,  the  substitution 
of  the  promoter,  aluminum  oxide,  by  magnesium  oxide  was  investigated. 
The  first  problem  of  mechanical  disintegration  of  magnesium  oxide- 
containing  preparations  was  overcome  by  using  kieselguhr  as  the  carrier. 
The  results  shown  in  Table  Gl,  column  2,  indicated  that  the  magnesium 
oxide-promoted  catalyst  produced  a  somewhat  higher  yield  but  also 
operated  at  a  higher  temperature  and  resulted  in  a  larger  gasoline  frac¬ 
tion  than  the  alumina-promoted  catalyst  .  This  drawback  was  overcome 
by  reduction  with  hydrogen  at  a  low  temperature  of  180°-250°C  and  a 
high  space  velocity  of  5,000;  this  procedure  permitted  lowering  of  the 
synthesis  temperature  by  15°-20°C.  Other  advantages  of  the  mag¬ 
nesium  oxide-containing  catalysts  were  the  following:  (1)  simple  and 
quick  preparation,  since  the  difficulties  encountered  in  washing  and  dry¬ 
ing  the  gel  structure  of  substances  like  aluminum  hydroxide  were  absent  ; 


(2)  variations  in  proportions  of  the  constituents  were  permissible,  as 
shown  in  Table  61,  columns  3-10,  without  seriously  affecting  the  svn- 
thesis. 

The  optimum  composition  of  the  catalyst  was  100Fe:25Cu:50MgO: 
(6-8)  K:  50  kieselguhr.  It  was  precipitated  by  passing  the  nitrate  solu¬ 
tion  of  iron,  copper,  and  magnesium  and  the  solution  of  potassium  car¬ 
bonate  through  a  blending  nozzle  at  such  a  rate  that  the  pH  remained 
constant.  The  precipitate  was  mixed  with  a  kieselguhr  slurry  or  a  silica 
gel  containing  small  pores,  heated  for  10  min,  and  then  washed  by  de¬ 
cantation.  The  washed  and  dried  catalyst  was  broken  into  1-3-mm 
granules  whose  bulk  density  was  0.4  g  per  1. 

liesults  of  four-stage,  medium-pressure,  gas-phase,  pilot-plant  tests 
oi  three  magnesium-promoted  catalysts  of  the  type  described  above  are 
tabulated  in  1'able  02.  Reduction  of  the  catalyst  took  place  within  the 
converter  with  hydrogen  passed  at  a  space  velocity  of  1,000  and  a  tem¬ 
perature  o  220  C,  for  24  hr.  The  four-stage  synthesis  opmtion  was  com 
h  cted  in  four  reaction  tubes  each  5  m  in  length,  10  mm  I.D.,  and  con- 
a  ning  a  catalyst  zone  4,o  mm  long  of  which  the  capacity  was  0  8-101 
of  unreduced  catalyst.  The  test  data  show  that  more  than  half  of  the 

thiV  r  was  wax  boiling  above  320“C;  more  than  75  per  cent  of 
this  fi  action  consisted  of  saturated  straight-chain  hydrocarbons. 
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Table  02.  Pilot-Plant  Tests  of  Precipitated  Iron,  Magnesium-Promoted 
Catalysts  (I.G.  Farben.  Ammonia  Laboratory,  Oppau) 


Time,  days 

121 

141 

42 

Test  number 

587/590 

620/623 

677/680 

Catalyst  number 

Catalyst  analysis,  per  cent 

1,382 

1.383 

1  ,462 

Fe 

23.6 

24.2 

23.4 

Cu 

5.6 

6.2 

6.2 

MgO 

2.1 

.  7.4 

8.3 

SiOo 

33.7 

23.3 

22.2 

K 

2.4 

2.5 

3.0 

C02 

Synthesis  gas,  ratio  C'0 :  Ho 
Utilization  ratio,  CO:H2 

2.2 

6.0 
0.9-1 : 1  ■ 
1.1-1. 2:1 

6.0 

Hourly  space  velocity,  1  gas  per  1  catalyst 
per  hr 

Synthesis  temperature,  °C  240 

Yield  of  primary  product  +  gasol,  g  per 

cu  m  ICO  +  IH2  147 


120 

230 

225 

145 

142 

Space-time-yield,  kg  product  per  1  per 
catalyst  per  day 
Contraction,  per  cent 
CO  conversion,  per  cent 
Per  cent  CO  converted  to 

C02 

CH4 

Higher  hydrocarbons 
Total 

Distribution,  weight  per  cent 
Gasoline,  <195°C 
Middle  oil,  195°-320°C 
Paraffin,  >320CC 


Composition  of  middle  oil  (195°-250°C), 
per  cent 
Olefins 
Alcohols 


Straight  chains  ,  oon°ri 

Composition  of  middle  oil  (250  320  G), 

per  cent 
Olefins 
Alcohols 

Straight  chains  450°C1 

Composition  of  paraffin  (320  -450 

per  cent 
Olefins 
Alcohols 
Straight  chains 


0.42 

53 

83 

33 

3 

47 

83 


19 

15 

66 

100 


63 

18 

48 


52 

16 

64 


35 

8 

80 


0.42 

57 

83 

32 

4 

47 

83 


24 

23 

53 

100 


53 

16 

42 


42 

14 

68 


28 

9 

77 


0.41 

51 

70 

25 

2 

43 

70 


21 

18 

61 

100 


48 

13 

52 


47 

12 

70 


34 

10 

S3 


a 


Sulfur-free;  contained  2  pel 


•  cent  No  and 


no  COo. 
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Source  of  Iron 

At  the  Kaiser  Wilhelm  Institut  fur  Kohlenforschung  (KWI),  it  was 
found  that  preparations  obtained  from  ferrous  (Fe+2)  salts  were  not 
satisfactory  catalysts.101  For  example,  a  ferrous  iron  catalyst  was  pre¬ 
pared  by  dissolving  iron  shavings  in  several  portions  in  nitric  acid  of 
maximum  initial  density  of  1.05,  at  a  temperature  between  35°-40°C. 
Preneutralization  of  the  iron  solution,  which  contained  1  kg  Fe  per  30 
1  of  solution,  with  sodium  carbonate  was  done  in  the  cold.  Then  the 
mixture  was  heated  to  70°-75°C  and  precipitated  by  sodium  carbonate 
solution.  Subsequent  heating  of  the  precipitate,  filtration,  washing, 
alkalization,  and  drying  were  done  in  the  manner  described  for  the 
“normal”  iron  catalyst  (this  chapter,  p  248).  The  dry,  ferrous  iron 
catalyst  cake  was  voluminous  and  earth-brown  in  color;  it  showed  none 
of  the  gel-like  properties  of  the  normal  catalyst.  After  pretreatment  at 
325°C  and  0.1  atm  of  CO,  this  catalyst  became  deactivated  in  the  first 
few  days  of  synthesis  at  235°C  and  15  atm  of  3CO  +  2II2  gas  (Table  63, 
column  2).  The  same  results  were  observed  with  catalysts  prepared  from 
ferrous  chloride,  as  shown  in  columns  3  and  4  of  Table  63. 


Table  (13.  Ferrous  (Fe+2)  Iron  Catalysts  in  the  Medium-Pressure  Synthesis 

(KWI) 

(15  atm  of  3CO  +  2H2,  throughput  4  1  per  10  g  Fe  per  hr.) 


1 

Catalyst" 

2 

ex  Fe(N03)2 

3 

>x  FeCl2 

4 

ex  FeCl'> 

5 

Fe+2-Cu(5: 1) 

Time, 

Temper- 

Contra  c- 

Temper- 

Contrac- 

Temper- 

Contrac- 

Temper- 

Contrac- 

days 

ature, 

tion, 

ature, 

tion, 

ature, 

tion, 

ature, 

tion, 

°C 

per  cent 

°C 

per  cent 

°C 

per  cent 

°C 

per  cent 

1 

235 

56 

235 

57 

235 

56 

2 

235 

57 

235 

57 

225 

56 

3 

235 

40 

235 

34 

225 

49 

4 

235 

30 

215 

38 

5 

%  .  . 

225 

35 

6 

225 

29 

20 

257 

42 

30 

265 

50 

40 

270 

53 

50 

274 

53 

60 

275 

55 

00 

272 

52 

120 

281 

51 

150 

285 

49 

200 

47 

a  All  _  x  xi  .  •  .  _  - - - 

column  5  was  inducted  at  245°C  ICO  4-  ori  T  °  ^  a"a  U'*  atm  of  Catalyst  in 

10  B  Fe  per  hr.  2  atmospher.c  pressure.  4  days,  throughput  4  1  per 
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A  ferrous  iron-copper  (5:1)  catalyst,  pretreated  at  245°C  with  ICO  + 
2H2  gas  at  atmospheric  pressure  for  4  days,  was  somewhat  more  active 
m  synthesis  at  15  atm  of  3CO  +  2H2  gas  (Table  63,  column  5).  How¬ 
ever,  high  synthesis  temperatures  were  necessary  to  maintain  the  con¬ 


traction  above  50  per  cent.  This  contraction  included  the  C02  and  was 
equivalent  to  70  per  cent  conversion.  The  Fe+2-Cu  catalyst  was  pre¬ 
pared  101  as  follows:  180  g  FeClo  -4H20  (50  g  Fe)  and  26  g  CuCl2  -2H20 
(10  g  Cu)  dissolved  in  1  1  of  water  were  heated  to  boiling  and  precipitated 
in  0.5-1  min  with  a  solution  containing  160  g  Na2C03  dissolved  in  1.5  1 
of  water.  The  precipitate  was  filtered  and  washed  6  times  with  1-1 
portions  of  hot  water.  The  filter  cake  was  impregnated  with  0.125  per 
cent  of  K2C03,  based  on  weight  of  iron,  dissolved  in  100  cc  of  water,  and 
the  mixture  was  then  slowly  heated  on  a  sand  bath.  Finally,  it  was  dried 
at  105°  C. 

The  “normal”  or  “standard”  KWI  iron  catalyst  developed  in  1937— 
1940  for  synthesis  under  the  above  conditions  (235°  C  and  15  atm  of 
3CO  +  2H2  gas)  consisted  chiefly  of  ferric  iron  and  was  prepared  under 
such  conditions  that  some  ferrous  iron  was  present.  It  contained  either 
no  copper  or  a  very  small  quantity  of  about  1  per  cent,  which  was  enough 
to  make  the  preparation  of  the  catalyst  reproducible  and  to  facilitate 
reduction  and  carburization  of  the  iron  in  the  catalyst.  It  contained  also 
0.25  per  cent  of  Iv2C03,  based  on  weight  of  iron,  which  increased  the 
higher-molecular-weight  fractions  of  the  product.  The  normal  catalyst 
was  prepared  37  by  dissolving  iron  in  nitric  acid  under  fixed  conditions. 
Technical  iron  filings  were  introduced  in  small  portions  into  nitric  acid 
of  an  initial  density  of  1.18  at  a  temperature  below  40°-50°C.  The  iron 
solution  containing  1  kg  of  iron  per  30  1  of  solution  was  preneutralized 


in  the  cold  with  sufficient  sodium  carbonate  solution  (1  kg  per  8-10  1 
H20)  to  preclude  the  formation  of  a  permanent  precipitate.  The  mix¬ 
ture  was  heated  to  boiling  and  precipitated  by  sodium  carbonate  solu¬ 
tion  in  slight  excess  of  the  stoichiometric  equivalent.  After  precipitation, 
the  mixture  was  brought  to  a  boil  for  a  minute  or  two,  filtered,  and 
washed  free  from  alkali  with  hot  distilled  water.  The  moist  precipitate 
was  repulped  in  distilled  water  and  made  into  a  uniform  slurry  on  the 
water  bath.  Under  constant  stirring,  a  solution  of  0.2o  per  cent  of 
K2C03,  based  on  weight  of  iron,  was  added.  Most  of  the  water  was 
evaporated  off  on  a  water  bath.  Then  the  catalyst  was  dried  in  hot  air 
at  105°-1 10°C  for  about  15  hr.  The  dried  cake,  which  was  dark  brown, 
hard,  and  glassy  when  broken,  was  sometimes  pelleted  (with  5-2;>  per 
cent  of  synthetic  paraffin  added  as  die  lubricant)  and  sometimes  crushed 

into  1-3-mm  granules.  ,  ,  ... 

Table  64  shows  the  advantage  of  precipitating  at  100  C  and  boiling 
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the  mixture  for  a  minute.  The  desirability  of  some  aging  of  the  pre¬ 
cipitate  is  also  shown  by  results  of  the  U.  S.  Bureau  of  Mines  tests. 
The  standard  procedure  developed  in  1943-1944  for  the  preparation  of 
active  ferric  iron  catalysts  consisted  of  adding  a  4  molar  solution  of  cold 
anhydrous  potassium  carbonate  to  a  hot  solution  containing  about  1 
mole  of  ferric  nitrate  at  70°-90°C  over  a  time  interval  of  20-30  min. 


Table  G4.  Influence  of  Precipitation  Conditions  upon  Activity  of  Iron 

Catalysts  (KWI) 

(Catalyst  inducted  with  4  1  CO  per  10  g  Fe  per  hr  at  0.1  atm  and  325  C  for  25  hr.) 


Precipitation  Conditions 

Alkali 
Content, 
per  cent 

Per  Cent  Contraction 
Obtained  in  Syn¬ 
thesis  Tests  “ 

Temper¬ 

ature, 

°C 

Time  of  Boil¬ 
ing  after 
Precipitation, 
min 

1 

2 

Days 

5 

10 

20 

20 

None 

1 

43 

44 

43 

GO 

None 

1 

50 

33 

20 

20 

<1 

1 

50 

48 

51 

20 

<1 

0.25 

50 

48 

51 

50 

20 

1 

0.25 

55 

55 

48 

48 

50 

20 

5 

0.25 

.  . 

5G 

.  . 

47 

48 

100 

1 

0.25 

50 

50 

50 

49 

56 

“  Synthesis  conditions:  15  atm  of  3CO  +  2H2,  235°C,  space  velocity  4  1  per  10  g 
te  per  hr.  Highest  possible  contraction,  assuming  conversion  to  proceed  according 
to  equation,  2CO  +  H2  =  C02  -f-  CH2,  was  GO  per  cent.  In  actual  practice  best 
yields  were  obtained  at  a  contraction  of  50-55  per  cent,  including  C02. 


The  precipitate  was  washed  by  decantation  until  the  wash  water  gave  a 
negative  nitrate  test  with  diphenylamine-sulfuric  acid  reagent.  The 
catalyst  cake  was  permitted  to  dry  at  room  temperature  for  about  100 
hr  and  then  at  150°C  for  20  additional  hr.  The  dried  catalyst  was  gel- 
lke  in  appearance,  hard,  very  dark  brown,  and  lustrous  when  broken, 
t,  was  crushed  to  pass  through  a  GO-mesh  screen ;  the  powder  was  mixed 
wit  i  powdered  graphite  and  then  compressed  into  hard,  well-formed 
dark-brown  pellets  (3.2  mm  in  diameter  by  2.4  mm  in  length)  whose  bulk 
density  at  maximum  packing  was  1.3  g  per  cc.  When  crushed  into  8-14 
mesh  granules,  the  bulk  density  was  about  1. 
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The  data  obtained  from  a  pelleted  catalyst  prepared  as  described  above 
are  shown  in  Table  65,  column  2. 119  The  catalyst  was  reduced  in  the 
synthesis  reactor  by  hydrogen  at  an  hourly  space  velocity  of  20,  while 
the  temperature  was  gradually  raised  to  360°C  during  a  period  of  20  hr 
and  held  at  that  point  for  4  hr  longer.  The  temperature  was  lowered; 


Table  65.  Influence  of  Conditions  of  Preparation  of  Pelleted  Precipitated 
Iron  Catalysts  (U.  S.  Bureau  of  Mines  Tests  with  1H2  -f  ICO  Gas) 


1 

Catalyst  number 

(Fe+2-Fe+3)-Cu-K2C03 
Source  of  iron 
Time,  hr 
Pressure,  atm  a 
Space  velocity  b 
Temperature,  °C 
Contraction,  per  cent 
Average  C5+,  g  per  cu 
m  e 

Maximum  C5+,  g  per  cu 
m  c 

C5  +  ,  weight  per  cent  of 
total  hydrocarbons 
C1-C4,  g  per  cu  m c 


2 

3 

10A  +  10B 

10B  part ' 

part  A 

(0 : 100)  :0 :0 

(0: 100)  :0 

no3- 

N03- 

1 ,650 

117 

7 

0 

185 

160 

246 

241 

50 

16 

55.1 

10.5 

76.0 

21.0 

68.5 

70.0 

25.3 

4.5 

10B  part  B 

10F  part  C 

(0: 100)  :0:0 

(0:100)  :0:0 

N03- 

no-t 

93 

249 

0 

7 

160 

160 

242 

245 

34 

42 

16.7 

26.9 

16.7 

52.6 

68.0 

57.4 

7.9 

20.0 

“  Gauge  pressure. 

6  Per  hour. 

c  Per  cubic  meter  of  feed  gas. 


water  gas  was  introduced  at  7  atm  (gauge  pressure)  and  a  temperatuie 
at,  which  the  contraction  was  not  higher  than  30  per  cent.  During  the 
next  36  hr,  the  temperature  was  gradually  increased  to  produce  a  con¬ 
version  of  50-60  per  cent.  During  the  1,650-hr  test  at  7  atm  of  water 
“•as  (1H2  +  ICO)  and  a  rather  high  average  temperature  of  24b  C,  t  le 
average  yield  of  C5+  hydrocarbons,  per  cubic  meter  of  feed  gas,  was 

55.1  g  and  the  maximum  yield,  76.0  g.  . 

Too  rapid  precipitation  and  too  rapid  drying  of  the  precipitate  pio- 

duced  less  active  catalysts,  as  shown  by  the  data  m  columns  3  4  and 
5  of  Table  05  for  catalyst  10F  part  C,  1015  part  B,  and  10B  part  C  re¬ 
spectively.  Catalyst  10F  was  precipitated  very  quickly  within  2  3m  , 
10F  part  C  was  dried  under  the  optimum  conditions.  Catalyst  10  vv 
precipitated  properly,  but  parts  B  and  C  were  dned  very  quickly.  The 
advantage  gained  by  slower  preparation  was  probably  an  aging 

t  i  rp  uinfm-  O  Hawk  H.  C.  Anderson,  and 
119  H.  H.  Storch,  R.  B.  Anderson,  RJ-  E.  Hoh  •  •  -  173-80. 

N.  Columbia,  U.  S.  Bur.  Mines  Tech.  Paper  709  (1948),  PP 


251 


Source  of  Iron 

resulting  in  transition  from  one  form  of  iron  hydroxide  to  another  It 
should  be  noted  that  the  tests  in  columns  3  and  4  were  carried  out  at 
atmospheric  pressure,  which  was  partly  responsible  for  the  low  activity  of 

these  two  catalysts.  , 

Catalysts  containing  ferric  and  ferrous  iron  were  developed  at  the 

KWI  in  1944  and  were  reported  to  be  highly  active  catalysts  and  suit¬ 
able  for  use  at  low  synthesis  temperatures  and  pressures.  One  such 
catalyst  (N50)  had  the  composition  50Fe+2:50Fe+3  :  1Cu:0.25K2CO3. 
A  more  active  catalyst  of  this  type  was  catalyst  N/5,  of  which  the  com¬ 
position  was  75Fe+2 : 25Fe+3 : 20Cu :  1 K2C03.  The  following  description 
of  its  preparation  from  the  chloride  salts  was  reported  by  Pichler:32 
A  solution  containing  134  g  FeCl2-4H20  (37.5  g  Fe),  61  g  FeCl3-6H20 
(12.5  g  Fe,  total  Fe  50  g),  and  26  g  CuCl2  -2H20  (9.2  g  Cu)  dissolved  in 
2  1  of  water  was  heated  to  70°C.  To  this  solution  was  added  as  rapidly 
as  possible  a  second  solution  containing  200  g  anhydrous  Na2C03  dis¬ 
solved  in  2  1  of  water  and  heated  to  boiling.  Sufficient  sodium  carbonate 
was  required  to  produce  a  slightly  alkaline  reaction  at  the  end  of  the 
precipitation.  The  mixture  w'as  then  heated  to  100°C,  filtered,  and 
washed  free  from  alkali  with  several  liter-portions  of  boiling  water.  The 
catalyst  cake  was  alkalized  in  the  usual  wray  (see  p  248)  with  potassium 
carbonate,  and  then  evaporated  and  dried  at  105°C  for  about  20  hr.  No 
special  precautions  against  oxidation  were  taken  during  drying,  and,  in 
fact,  drying  in  air  was  preferable  to  an  inert  atmosphere.  More  ferric 
salt  was  required  in  the  original  mixture  if  the  catalyst  was  to  be  dried 
in  the  absence  of  air.  The  dried  catalyst  was  broken  up  and  the  granules, 
2-4  mm  in  size,  w'ere  collected  by  screening. 

A  sample  (80  cc)  of  this  catalyst  w'as  pretreated  in  a  water-cooled 
10-mm-I.D.  reactor  with  ICO  +  2H2  gas  at  atmospheric  pressure,  flow' 
rate  of  40  1  per  hr  (hourly  space  velocity  500),  and  a  temperature  of 
225° C. 29,32  The  gas  was  neither  dried  nor  freed  from  carbon  dioxide. 
At  the  end  of  48  hr,  paraffin  was  extracted  from  the  catalyst  by  syn¬ 
thetic  oil  boiling  in  the  range  230°-300°C.  Pretreatment  w'as  continued 
tor  an  additional  24-28  hr.  After  a  second  extraction,  the  catalyst  was 
put  into  synthesis  at  220° C  and  atmospheric  pressure  of  water  gas,  at  a 
space  velocity  of  100.  If  the  space  velocity  were  50,  the  starting  syn¬ 
thesis  temperature  could  be  210°-212°C.  For  either  set  of  conditions, 
the  conversion  of  carbon  monoxide  was  90-95  per  cent,  and  the  total 
yield,  including  methane,  140-145  g  per  cu  m  1H2  -f  ICO  gas.  The 
methane  yield  was  2-4  g  for  the  lowrer  space  velocity  anti  5-6  g  for  the 
higher  one.  The  distribution  of  the  products  obtained  at  a  space  ve¬ 
locity  of  50  and  temperature  of  21 1°C  is  shown  in  Table  66.  The  prod¬ 
ucts  contained  30-40  per  cent  w^ax,  boiling  range  >300°C,  and  they 
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varied  in  color  from  yellow  to  brown.  More  oxygenated  compounds  were 
formed  than  in  the  cobalt  synthesis,  the  amount  being  the  same  as  in  the 
medium-pressure  iron  Reichsamtversuch  (this  chapter,  p  305).  The  high 
yield  could  be  maintained  for  3  months  by  extracting  paraffin  from  the 
catalyst  every  2  or  3  days  and  by  raising  the  temperature  5°C  over 
the  3-month  period.  Methane  production  increased  a  little  during  this 
period.  The  use  ratio  of  H2:CO  of  the  gas  was  0.6,  so  that  no  second 
stage  was  possible. 

Table  0(>.  Hydrocarbon-Product  Distribution  from  75Fe+2:25Fe+3:20Cu: 
IK2CO3  Catalyst  Obtained  During  Synthesis  with  Water  Gas  at 
Atmospheric  Pressure  (A)  and  10  Atm  (B)  (KWI) 

Weight  Per  Cent 


1  \ 

Fraction  A  B 

CH4  2.4  3.2 

C2-C4  10.1  9.0 

Oil,  <1S0°C  13.5  10.0 

Oil  +  wax,  >180°C  74.0  77.8 

Total  100.0  100.0 


After  2  weeks  of  operation  at  atmospheric  pressure  under  the  condi¬ 
tions  described  above,  the  catalyst  could  be  successfully  operated  in  the 
medium-pressure  synthesis.  First,  the  pressure  was  increased  to  2  atm 
and  synthesis  continued  for  another  2  weeks  at  212°C  and  a  space  ve¬ 
locity  of  water  gas  of  100.  Subsequent  increase  in  pressure  to  10  atm 
permitted  synthesis  for  3  months  at  a  constant  temperature  of  200°  C. 
No  extraction  with  solvent  was  necessary,  although  much  more  wax  was 
formed  than  at  atmospheric  pressure.  The  average  yield  of  products 
whose  distribution  for  the  first  month  is  shown  in  Table  66  was  143-148 
g  per  cu  m  lHo  +  ICO,  including  methane.  It  was  possible  to  regulate 
conditions  so  that  37  per  cent  of  the  yield  was  hard  paraffin  boiling  above 
450°C,  with  no  intermediate  extraction  necessary.  Ihe  use  ratio  ot 

Ho :  CO  was  0.7-0. 8. 

A  catalyst  of  which  the  composition  was  75Fe  "  :25Fe  :20Cu. 

1.5K2C03  was  reported  by  Pichler  and  Merkel  110  to  be  their  best. 
catalyst  for  atmospheric-pressure  synthesis  at  a  temperature  ot  -20  C. 
The  products  were  probably  similar  to  those  obtained  from  the  corre¬ 
sponding  catalyst  containing  1  per  cent  K0CO3,  and  the  product  dis¬ 
tribution  was  probably  shifted  toward  higher-molecular-weight  hydro¬ 
carbons,  because  of  the  higher  alkali  content. 

The  fact  that  the  KWI  highly  active  ferrous-ferric  iron  catalysts  were 
prepared  from  the  chloride  salts  of  iron  appeared  to  contradict  Fjscheis 
earlier  reports  •  and  the  U.  S.  Bureau  of  Mines  observations  that 
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chloride  salts  produced  poorly  active  iron  catalysts.  For  example,  the 
U.  S.  Bureau  of  Mines  data  summarized  in  column  1,  Fable  67,  showed 
that  a  catalyst  prepared  from  ferric  nitrate  solution  containing  ferric 
chloride  produced  an  average  yield  of  only  42  g  per  cu  m  of  feed  gas  con¬ 
taining  1H2  +  ICO,  in  a  test  at  261  °C  and  7  atm  (gauge  pressure). 
Even  lower  yields  were  obtained  from  catalysts  precipitated  from  ferric 
chloride  alone.  These  catalysts  were  different  also  in  appearance  from 
those  precipitated  from  ferric  nitrate,  and  the  difference  was  appaient 
even  during  preparation.  The  precipitates  were  yellow-brown,  rather 
than  red-brown ;  they  were  not  voluminous;  in  the  dry  state,  they  were 
less  gel-like  and  they  produced  pellets  whose  bulk  density  was  low  (1  g 


per  cc). 

Subsequently,  a  catalyst  which  was  prepared  from  ferrous,  ferric,  and 
cupric  chlorides,  according  to  the  KWI  procedure,32  produced  an  average 
yield  of  88.3  g  of  C5+  hydrocarbons  per  cu  m  of  feed  gas  and  a  maximum 
yield  of  93  g,  when  tested  for  46  days  at  7  atm  and  an  average  temper¬ 
ature  of  229°C.  The  data  for  this  test  are  summarized  in  column  2, 
Table  67.  The  approximate  composition  of  the  catalyst  (L3004)  was 
75Fe+2:25Fe+3:20Cu:0.2K2CO3.  The  catalyst,  in  the  form  of  6-8  mesh 
granules,  was  inducted  with  water  gas  for  25  hr  at  atmospheric  pressure 
and  a  temperature  of  226° C. 

In  order  to  determine  whether  it  was  the  presence  of  ferrous  iron  or 
copper  that  made  this  catalyst  active  despite  the  fact  that  chloride  salts 
were  used,  tests  were  made  with  several  preparations  in  which  the  con¬ 
stituents  of  L3004  were  varied.  The  results  obtained  from  this  study 
are  shown  in  Table  67,  columns  3-7.  Catalyst  L2001,  prepared  by  dis¬ 
solving  metallic  iron  in  cold  nitric  acid  so  as  to  produce  a  mixture  of  fer¬ 
rous  and  ferric  nitrates  and  inducted  for  25  hr  with  1  atm  of  water  gas 
at  269  C,  produced  an  average  yield  ot  73.8  g  of  liquid  hydrocarbons  per 
cu  m  of  water  gas,  at  an  average  temperature  of  238° C.  This  catalyst 
contained  0.2  per  cent  of  K2C03,  based  on  the  weight  of  iron.  The  yield 
of  gaseous  hydrocarbons  was  high.  From  L2002,  which  contained  the 


same  amount  of  I\2C03  and  was  similarly  inducted,  a  lower  yield  of  54.8 
g  ot  liquid  hydrocarbons  per  cu  m  of  water  gas  was  obtained,  at  an 
average  temperature  of  244°C.  The  source  of  iron  was  ferric  nitrate; 
otherwise,  this  catalyst  was  similar  in  composition  to  L2001.  The  prod¬ 
uct  distribution  for  the  two  catalysts  was  the  same.  In  catalyst  L2003 

mpToftrv  100fe  :0-5K^COs.  and  L3006,  of  composition  100Fe«:’ 

!  ,  r;2I;C°3’  the  S0l,ree  ot  lron  was  ferric  chloride.  As  shown  in 
1  able  6,,  these  preparations,  like  the  earlier  ones  prepared  from  ferric 
<  llonde  solution,  were  virtually  inactive.  Catalyst  L3008  of  comnosi 
t,on  100Fe+2:20Cu:0.5K2C03,  was  prepared  iron,  fem,u  ‘  chZidt 


Table  67.  Tests  of  Iron  Catalysts  Prepared  from  Chloride  Salts  (U.  S.  Bureau  of  Mines) 
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a  Catalyst  disintegrated. 

6  KC1  added  before  precipitation. 
c  Per  hour. 
d  CCVfree. 

*  Per  cubic  meter  of  feed  gas. 
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After  induction  at  225°C  with  water  gas  at  atmospheric  pressure  for  25 
hr,  this  catalyst  was  moderately  active  in  a  3-week  test  at  7  atm  of  vatei 
gas,  as  indicated  by  the  gas  contraction.  I  his  catalyst  disintegrated  in 
the'  reactor.  From  these  results,  it  was  evident  that  the  presence  or 
absence  of  ferrous  iron  was  the  significant  factor  that  detci  mined  whethei 
catalysts  precipitated  from  chloride  solutions  would  be  active  in  the 
hydrocarbon  synthesis.  The  explanation  for  this  phenomenon  was 
sought  in  x-ray  studies  and  chemical  analyses  of  these  catalysts. 

X-ray  diffraction  data  showed  that  the  inactive  catalysts  prepared 
from  ferric  chloride  contained  a  large  proportion  of  jS-Fe203  H20  (or 
/3-FeOOII)  in  the  freshly  precipitated,  unreduced  state;  all  the  catalysts 
prepared  from  ferric  nitrate  consisted  chiefly  of  goethite,  a-Fe203  H20 
(or  a-FeOOH),  and  hematite,  «-Fe203.12°  Catalysts  precipitated  from 
ferric  +  ferrous  salts  or  only  ferrous  salts  contained  magnetite,  Fe304. 
Because  none  of  the  iron  oxide  phases  mentioned  above  is  stable  at  the 
temperature  of  the  Fischer-Tropsch  synthesis  on  iron  catalysts,  it  was 
believed  that  the  deactivating  effect  of  precipitation  from  ferric  chloride 
resulted  not  from  the  presence  of  |8-Fe203  H20  but  from  some  character¬ 
istic  that  it  imparted  to  the  eventual  catalyst. 

Data  of  Kolthoff  and  Moskowitz  121  indicated  that  the  chloride  ion  did 
not  simply  adsorb  on  0-Fe2O3  H20,  but  instead  it  exchanged  slowly  with 
the  OH  groups  present  both  on  the  surface  and  in  the  interior  of  the 
crystallite,  according  to  the  equation, 


0- FeOOH  +  Cl~  ->  0-FeOCl  +  OH~ 


and  became  a  part  of  the  crystal  structure.  A  more  descriptive  formula 
was  thus  0-FeO[OH,Cl].  This  observation  explained  the  difficulty  in 
washing  /3-Fe203  H20  free  of  chloride,  which  was  reported  by  Weiser 
and  Milligan  122  and  was  also  encountered  in  the  FT.  S.  Bureau  of  Mines 
catalysts  precipitated  from  ferric  chloride.  Chemical  analysis  showed 
that  the  chloride  content  of  the  latter  catalysts  was  at  least  20  times 
greater  than  that  of  the  more  active  catalysts,  which  contained  ferrous 
iron.  The  chloride  contents  for  four  of  the  catalysts  are  shown  below: 


Catalyst 

Cl  ,  per  cent  of  sample 

L3004 

0.04 

L3008 

0.02 

L2003 

0.56 

L3006 

0.92 

(I946X  J'  R  H°fer’  W'  P“bK  a,'d  W-  E'  Dicto'  J-  Am-  ««-  68,  1,953-6 

m  !t  !^lthoff  and  B'  Moskowitz,  ibid.,  58,  777-9  (1936). 

•  B.  Weiser  and  W.  O.  Milligan,  ibid.,  57,  238-41  (1935). 
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The  explanation  of  the  deactivating  effect  of  chloride  seems,  there¬ 
fore,  to  be  the  following:  (1)  In  the  presence  of  chloride  and  ferric  iron 
alone,  /3-Fe203  H20  was  produced,  which  retained  chloride  in  the  crystal 
structure.  During  synthesis,  chloride  present  on  active  metal  de¬ 
activated  the  catalyst.  (2)  In  the  presence  of  chloride  and  ferrous  and 
ferric  iron  (at  least  35  per  cent  Fe+2)  or  chloride  and  ferrous  iron  alone, 
the  formation  of  /3-Fe203  H20  was  inhibited.  Instead,  magnetite, 
Fe304,  or  ferrous  hydroxide,  Fe(OH)2,  or  a  mixture  of  bath  was  formed; 
from  this  crystal  structure  chloride  was  easily  removed  by  washing. 

Iron  catalysts  tested  at  the  British  Fuel  Research  Station  were  pre¬ 
cipitated  from  ferric  nitrate  and/or  ferrous  chloride  and  contained  in 
addition  5-25  parts  by  weight  of  copper  and  0.1-3  of  alkali  (K20).123 
No  iron  catalyst  consistently  produced  the  good  yields  obtainable  from 
cobalt  catalysts  at  10  atm.  In  the  pressure  range  of  10-20  atm,  there 
were  obtained  yields  of  liquid  and  solid  hydrocarbons  of  120  g  per  cu  m 
of  O.GHo  +  ICO  and  110  g  per  cu  m  of  1H2  +  ICO. 


Carriers 

Kieselguhr.  At  the  Kaiser  Wilhelm  Institut  fur  Kohlenforschung, 
precipitated  catalysts  containing  kieselguhr  were  considered  unsuitable 
for  the  normal  Fischer-Tropsch  synthesis.  In  some  tests  at  the  KW I, 
kieselguhr  was  incorporated  into  an  alkalized  iron  catalyst  in  an  at¬ 
tempt  to  prevent  the  deposition  of  carbon  upon  the  catalyst  contained 
in  vertical  reactors,  by  diluting  the  concentration  of  active  metal  in  the 
same  manner  that  had  been  found  to  be  effective  in  the  active  cobalt 
catalysts.  A  sample  of  a  catalyst  containing  40  per  cent  of  kieselguhr, 
added  during  evaporation  of  the  catalyst  on  the  water  bath,  and  1  per 
cent  of  K2C03,  both  based  on  iron,  was  tested  at  15  atm  of  3CO  +  2H2 
and  235°  C.  It  was  more  durable,  as  indicated  by  the  gat.  conti  action, 
than  a  similar  catalyst  containing  no  kieselguhr.  However,  it  was  not 
as  satisfactory  as  the  normal  iron  catalyst  because  the  gaseous  hydro¬ 
carbon  fraction  was  high  and  the  paraffin  wax  low.  Table  68  summarizes 
the  comparable  data  for  these  tests.102  The  catalyst  that  contained 
kieselguhr  produced  less  olefime  +  oxygenated  mateiial  (soluble 
P,0.-H,SO  )  in  the  C2-C4  and  -18(TC  oil  fractions  than  a  k.eselguhr- 
fme  catalyst.  The  values  for  the  kieselguhr-free  and  k.eselguhr-con- 
taining  catalysts  were  80  and  35  volume  per  cent,  respectively,  m  the 
C  -C  fraction-  and  65  and  38  volume  per  cent,  respectively,  in  the 

21804°C  oil  In  the  higher-boiling  fraction  (>  1S0°C)  from  the  catalyst 
containing  kieselguhr  there  was  less  oxygenated  materia,  than  was  ob- 

123  q  c.  Hall,  private  communication. 
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tained  from  a  kieselguhr-free  catalyst  containing  an  equivalent  quantity 
of  alkali  (see  Table  53).  The  kieselguhr-containing  catalyst  produced 
approximately  13  g  of  reaction  water,  per  cu  m  of  3CO  +  2H2  gas,  in 
which  acetic  acid  and  ethyl  alcohol  were  identified.  The  latter  sub¬ 
stance  accounted  for  about  7.5  per  cent  of  the  total  reaction  water.  No 
formic  acid  and  little  methyl  alcohol  were  present. 


Table  68.  KWI  Study  on  the  Effect  of  Kieselguhr  in  Precipitated  Iron 
Catalysts  (Synthesis  at  235°C  and  15  atm  of  3CO  +  2II2  Containing 

8-10  Per  Cent  of  Inerts) 


Kg 

K2CO3, 
per  cent 
of  Fe 

Contraction, 

per 

cent  “ 

C2+, 

g 

per 

cu 

™  6 
m 

Hydrocarbon-Products 
Distribution,  weight 
per  cent 

Days 

1 

2 

5 

6 

8 

9 

10 

20 

30 

40 

50 

60 

100 

C2-C4 

Liquid 

Para) 
fin  r 

No 

0.25 

47 

50 

50 

51 

55 

56 

54 

54 

53 

148 

18 

56 

26 

No 

1 

45 

45 

45 

52 

48 

48 

47 

157 

11 

47 

42 

Yes 

1 

54 

54 

54 

54 

56 

55 

54 

54 

52 

52 

50 

50 

123 

29 

63 

8 

“  Includes  CO2. 

6  Grams  per  cubic  meter  3CO  +  2H2,  average  of  first  month. 
c  Determined  by  butanone  method. 


U.  S.  Bureau  of  Mines  tests  with  kieselguhr-containing  precipitated 
iron  catalysts  showed  that  the  activity  was  no  lower  per  gram  of  iron  than 
that  of  unsupported  iron  catalysts  and  that  the  type  of  kieselguhr  used 
in  preparing  the  iron  catalyst  did  not  influence  the  activity  and  product 
distribution,  in  contrast  to  cobalt  catalysts.  In  agreement  with  KWI 
tests,102  U.  S.  Bureau  of  Mines  tests  showed  that  the  product  distribution 
was  strongly  shifted  toward  methane  and  light  hydrocarbons.  Data 
obtained  in  two  tests  with  catalysts  containing  kieselguhr  are  compared 
in  Table  69  124  with  those  obtained  from  a  control  catalyst.  Catalyst 
P3003.24,  of  which  the  composition  w^as  lOOFe:  10Cu:0.5K2C03,  was 
prepared  according  to  the  procedure  described  on  p  238.  Catalysts 
L0005  and  LG006  contained  the  same  constituents  in  the  same  propor- 
t  ions  and  in  addition  100  parts,  by  weight  of  iron,  of  Filter-Cel  and  Hyflo- 
Super-Cel  kieselguhr,  respectively.  In  the  preparation  of  these  catalysts, 
the  kieselguhr  was  added  to  the  solution  of  the  metal  nitrates  before  the 
precipitant  was  introduced.  All  three  catalysts  were  inducted  and 
tested  under  similar  conditions.  Table  09  shows  that  large  gaseous 

124  R.  B.  Anderson,  unpublished  data. 
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Table  69.  Effect  of  Kieselguhr  in  Precipitated  Iron  Catalysts  upon 
Their  Activity  and  Product  Distribution  (U.  S.  Bureau  of  Mines) 

(Induction  conditions:  IH2  +  ICO,  atmospheric  pressure,  230 °C,  25  hr,  hourly 
space  velocity  100;  synthesis  pressure,  7  atm  of  1H2  +  ICO  gas.)  ’ 


Catalyst  number 

L6005 a 

L6006  a 

P3003.24 

Test,  X  .  .  . 

122 

106 

101 

Catalyst  weight,  g 

22.0 

21.8 

79.2 

Time,  weeks 

6 

7 

7 

Temperature,  °C 

261 

260 

232 

Contraction,  per  cent  c 

63.6 

65.4 

64.4 

Space  velocity 

100 

102 

132 

Products,  g  per  cu  m  feed  gas 

ch4 

19.7 

18.6 

6.3 

C1-C4 

59.9 

57.6 

23.1 

C5+  (av) 

44.5 

56.0 

99.7 

C5+  (max) 

51.6 

62.6 

115.3 

C5  +  ,  weight  per  cent  of  hydro¬ 

carbons 

42.7 

49.2 

81.2 

a  7-10  mesh  granules. 

h  6-14  mesh  granules. 

c  C02-free. 

hydrocarbon  and  small  oil  yields  were  produced  by  the  two  catalysts  that 
contained  kieselguhr. 

The  Ruhrchemie  incorporated  kieselguhr  into  all  precipitated  iron 


catalysts  and  considered  the  absence  of  kieselguhr  in  the  KW I  iron  cata¬ 
lysts  a  disadvantage  in  large-scale  filtration.  However,  the  kieselguhr 
content  was  reduced  to  a  minimum  in  the  special  catalyst  developed  for 
alcohol  production,  because  the  presence  of  kieselguhr  reduced  the  oxy¬ 
genated  content  of  the  products.  The  explanation  for  this  effect  may  be 
that  the  silica  acts  as  a  dehydrating  agent.  The  composition  of  the 
Ruhrchemie  alcohol-producing  catalyst  was  100Fe:5C'u:  10C  a():5  kie¬ 
selguhr,  alkalized  with  3  per  cent  KOH.29-35  125  For  preparation  on  a 
pilot-plant  scale,  the  hot  solution  of  the  nitrates  (42  kg  iron  nitrate,  1.17 
kg  copper  nitrate,  1.75  kg  calcium  nitrate  in  120  1  water)  was  added  to  a 
boiling  sodium  carbonate  solution  (24  kg  sodium  carbonate  in  120  1 
water).  The  kieselguhr  (0.35  kg)  was  added,  and  the  mixture  was 
stirred  for  a  few  minutes.  It  was  filtered  in  a  filter  press,  washed  with 
hot  distilled  water  for  30  min,  and  then  partially  dried  with  air  tor  lo 
min  The  filter  cake  was  repulped  in  the  precipitation  vessel  with  500 
of  hot  distilled  water,  then  filtered  in  the  press,  washed  for  10  min,  and 
dried  in  air.  This  treatment  was  repeated  twice.  A  solution  containing 

U5  t.O.M.  Reel  42,  Bag  3,439,  Item  22,  p  424,  Experiment  650. 
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0.21  kg  of  KOH  per  I  of  water  (equivalent  to  3  per  cent  of  the  iron  in  the 
catalyst)  was  then  used  to  repaste  the  catalyst,  after  which  the  catalyst 
slurry  was  passed  through  the  extrusion  press  three  times.  The  spa¬ 
ghetti-like  threads  were  dried  in  an  oven  at  140°C  and  then  broken  into 
1-3-mm  lengths. 

A  charge  of  about  5  1  of  catalyst  was  reduced  in  a  6-1-capacity  reduc¬ 
tion  vessel  by  passage  of  28  cu  m  of  a  mixture  of  II2  +  N2  (75  per  cent 
by  volume  of  H2)  per  hr  at  a  temperature  of  325° C  for  24  hr.  It  was 
cooled  for  1  hr  in  a  stream  of  nitrogen,  previously  freed  from  oxygen  by 
passage  over  a  sample  of  a  reduced  cobalt  catalyst,  and  was  removed 
from  the  reduction  vessel  in  a  nitrogen  atmosphere.  The  shrinkage  was 
30  per  cent,  bulk  density  780  g  per  1,  iron  content  (density)  726  g  Fe  per 
1  of  catalyst,  and  reduction  value  (iron  soluble  in  acetic  acid)  85  per  cent. 

In  a  190-hr  laboratory  test  under  10  atm  of  water  gas  with  recircula¬ 
tion,  a  fair  conversion  rate  at  a  low  temperature  of  180°-20G°C  was  ob¬ 
tained.  Within  75  hr,  the  conversion  of  CO  +  II2  ( U )  was  65  per  cent 
at  20G°C;  methane,  calculated  as  per  cent  of  U  ( Mv ),  was  18;  and  the  use 
ratio  of  II2:CO  (A)  was  0.67.35  A  summary  of  these  data  is  shown  in 
Table  70.  These  conditions  remained  constant  for  the  next  100  hr,  at 
the  end  of  which  methane  production  rose  sharply  to  75  per  cent.  Upon 


Table  70.  Ruhrchemie  Precipitated  Iron  Catalysts  for  Production  of 
Alcohols,  100Fe:5Cu:  10CaO:5  Kieselguhr 


(Synthesis  at  10  atm  of  water  gas  containing  about  10  per  cent  inerts  and  hourly 

space  velocity  of  100.) 


Test 

Time,  days 
Temperature,  °C 

Conversion  of  CO  +  H2,  per  cent  (U) 
CH4,  per  cent  of  U  (Mv) 

Use  ratio,  H2:CO  (X) 

C2+  products,  g  per  cu  m  CO  -f  H2 
C&  +  products,  g  per  cu  m  CO  +  H2 
Composition  of  C5+  products,  weight 
per  cent 

Gasoline,  <200°C 
Oil,  200°-320°C 
Wax,  >320°C 

Olefins  +  oxygenated  compounds, 
volume  per  cent  0 
<200°C 
200°-320°C 


Laboratory 

8 

180-200 

65 

18 

0.07 


69.0 

20.9 

8.6 


85  h 
82 


“  8oluble  in  sulfuric  acid-phosphoric  acid  mixture. 

'  Product  collected  between  81st  and  152nd  hr  of  test. 


Pilot-plant 

31 

200-214 

60-65 

14 

0.65-0.72 

95 

80 


60 

12 

28 


75 

70 
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removal  from  the  reactor,  the  catalyst  contained  a  large  amount  of  car¬ 
bon.  The  distribution  and  properties  of  the  oxygen-containing  com¬ 
pounds  obtained  in  this  test  are  shown  in  Table  71.  Total  oxygen¬ 
ated  compounds  in  the  gasoline  fraction  comprised  61  per  cent  of  the 
fraction,  in  the  diesel  oil  fraction  72  per  cent,  and  in  the  wax  fraction 
63  per  cent.  Roelen  was  not  sure  of  the  structure  of  the  alcohols 
produced  by  this  catalyst,  but  his  opinion  based  upon  their  melting 
points  was  that  they  were  chiefly  primary  alcohols  with  a  fairly  high 
proportion  of  branched-chain  compounds. 


<200°C 

200°-320°C 

>320°C 

60.0 

20.9 

8.6 

0.778 

0.811 

0.824 

1.3950 

1.4320 

1.4471 

0.2 

0.1 

0.2 

3.6 

14.4 

25.3 

51.8 

52.7 

33.7 

5.6 

5.1 

2.8 

61 .2 

72.3 

63.1 

30.0 

28.5 

24.2 

91.2 

100.8 

87.3 

85 

82 

Table  71.  Properties  of  Oil  Fractions  Obtained  in  a  Laboratory  Test  of 

Ruhrchemie  Alcohol  Catalyst 

Fraction 

Weight  per  cent  of  C5  + 

Density 

Refractive  index 

Oxygenated  compounds,  volume  per  cent 
Acids 
Esters 
Alcohols 
Aldehydes 
Total  oxygen 
Olefins,  per  cent 

Total  oxygenated  compounds  +  olefins, 
volume  per  cent 

Fraction  soluble  in  H0SO4-H3PO4,  volume 
per  cent  0 

a  These  values  were  lower  than  the  sum  of  the  values  for  olefins  +  total  oxygenated 
compounds. 

Data  obtained  in  a  750-hr  pilot-plant  test  of  this  catalyst,  prepared 
as  described  above,  and  showing  a  reduction  value  of  ,1.8  per  cent,  aie 
summarized  in  the  second  column  of  Table  70.  The  wax  fraction  was 
larger  than  was  produced  in  the  laboratory  test,  and 
tabling  olefins  +  oxygenated  compounds  was  smaller.  This  catalyst 
d  evaluated  as  a  high  alcohol-  anil  olefin-producing  catalyst,  with  a 

pronounced  tendency  toward  methane  pro  uction.  composition 

One  of  the  early  Ruhrchemie  iron  catalysts  had  the  composition 

mZsct %cJ.m  kieselguhr.29  It  was  prepared  on  ajm, 

technica.  scale  as  follows:  A  solution  made  up  tc '  ^ 

correct  proportion  22  kg  of 

heated  to  boiling.  At  the  same  wato.  was  heated  to  boil- 

-  stirred int0  the  sodium  cai" 
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bonate  solution  and  the  mixture  was  boiled  for  30  sec.  The  solution  of 
the  metals  was  then  quickly  (in  2  min)  added  with  rapid  stirring.  An 
additional  quantity  of  3  kg  of  sodium  carbonate  was  added  to  the  mixture 
and  stirring  continued  for  20  sec.  The  precipitate  was  filtered  in  a  filter 
press  and  washed  for  30  min  with  hot  distilled  water.  The  filter  cake 
was  put  through  an  extrusion  press,  which  produced  very  hard  granules. 

With  water  gas  containing  13  per  cent  inert  constituents,  the  results 
shown  in  Table  72,  column  2,  were  obtained  for  synthesis  at  20  atm  and 
temperatures  of  24G°-2S0°C.  At  an  hourly  space  velocity  of  100,  for 
example,  and  a  temperature  of  246°C,  the  conversion  ( U )  was  72  per 
cent,  the  yield  of  C2+  hydrocarbons  was  114  g  per  cu  m  of  1H2  -f-  ICO, 
and  the  gasoline  fraction  boiling  below  200°C  was  33  per  cent  by  weight 
of  the  C5+  hydrocarbon  product. 

Another  catalyst,  of  which  the  composition  was  100Fe:5Cu :  lOCaO: 
150  kieselguhr,  was  successfully  operated  by  Ruhrchemie  at  about  250°C. 
It  was  to  be  used  in  a  normal  double-tube  type  of  medium-pressure  re¬ 
actor  constructed  to  withstand  25  atm  of  gas  pressure  and  50  atm  of 
steam  pressure  in  the  plant  designed  for  the  Societa  Italiana  Carburanti 
Sintetici  at  Arezzo.29-39  The  catalyst  was  precipitated  from  the  nitrate 
by  potassium  hydroxide  solution  by  a  procedure  similar  to  that  described 
on  the  preceding  page.29  After  reduction  in  dry  hydrogen  for  1  hr  at 
300°C,  synthesis  was  carried  out  at  20  atm  of  water  gas,  with  a  recircula¬ 
tion  ratio  ot  2.5,  and  an  hourly  space  velocity  of  90.  During  an  experi¬ 
ment  of  120  days,  the  temperature  was  raised  from  251°  to  257°C.  Data 
obtained  in  a  single-stage,  0.1  full-scale  (1.000  1  of  catalyst),  experi¬ 
mental  run  are  shown  in  Table  72,  column  3.  This  was  a  wax-forming 
catalyst,  the  C5+  hydrocarbon  products  containing  36  per  cent  wax,  of 
which  about  half  was  hard  wax  boiling  above  460°C.  In  a  two-stage 
pilot-plant  operation  designed  to  yield  an  83  per  cent  conversion,  the 
production  ol  liquid  and  solid  products  was  115  g  per  cu  m  of  lHo  -f 
ICO  gas;  calculation  showed  that  this  yield  could  be  increased  to  140  g 
by  operating  at  93  per  cent  conversion  and  changing  the  catalyst  every 
4  months.  Subsequently,  the  precipitant  potassium  hydroxide  which 
was  expensive  was  replaced  by  sodium  carbonate.  Sodium  salts  were 
washed  out  after  precipitation,  and  a  little  potassium  carbonate  or  hy¬ 
droxide  was  incorporated  into  the  washed  precipitate.  A  catalyst  pre- 
paied  in  this  manner  produced  as  little  methane  as  a  catalyst  pre- 
cipitated  with  potassium  hydroxide  ‘ 

wi^wate^^T  hyTXide-preCipitated  cata'.vs‘  was  operated 
r  1  gas  at  15  atm  and  a  temperature  of  225°-250°C  higher  wav 

"  ’,™» ;r;  '■  ■  . . 

l.I.A.T.  Reel  K21,  Frames  858-62,  March  1941. 


Table  72.  Tests  of  Some  Ruhrchemie  Iron  Precipitated  Catalysts 
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a  Contains  13.7  per  cent  inerts. 

6  Soluble  in  sulfuric-phosphoric  acid  mixture. 
c  OH  number  =  24. 
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to  yield  90  per  cent  conversion  of  CO,  it  was  posssible  to  obtain  a  yield 
of  170  g  of  C3+  products,  per  cu  m  of  feed  gas.  The  distribution  of  the 
liquid  and  solid  fractions  was  reported  as  follows:  gasoline,  <200°G,  15 
weight  per  cent;  oil,  200°-320°C,  15;  paraffin,  >320°C,  70.  1  he 

>320°C  fraction  consisted  of  about  25  per  cent  soft  paraffin  and  75  per 
cent  hard  wax,  and  it  was  pure  white.  Over  an  operating  period  of  2.o 
months,  the  average  paraffin  yield  was  60  per  cent.  The  gasoline  and 
oil  fractions  were  colorless.  In  these  fractions  the  olefins  T  oxygenated 
compounds  (soluble  in  H2SO4-H3PO4  mixture)  comprised  72  and  65 
volume  per  cent,  respectively,  and  the  olefins  (determined  by  iodine- 
thiocyanate)  57  and  47  volume  per  cent,  respectively. 

The  most  active  iron  Ruhrchemie  catalyst  reported  by  Roelen  for  the 
medium-pressure  synthesis  in  the  commercial  reactors  was  of  the  follow¬ 
ing  composition:  100Fe:5Cu:8CaO:30  kieselguhr,  impregnated  with  3- 
3.5  per  cent  of  KOH.  It  was  prepared  as  follows: 29-35-39-46  A  solution  of 
iron,  copper,  and  calcium  nitrates  was  made  up  to  contain  50-55  g  Fe 
per  1  and  Fe:Cu:CaO  in  the  ratios  100:5: 10,  the  2  per  cent  excess  CaO 
being  present  because  it  was  incompletely  precipitated  during  prepara¬ 
tion  of  the  catalyst.  The  solution  of  mixed  nitrates  was  prepared  in  an 
acid-resistant  vessel  provided  with  heating  and  cooling  coils  and  an  ef¬ 
fective  stirrer,  and  containing  the  calculated  amount  of  technical-grade 
nitric  acid  (50  per  cent  HNO3).  The  copper,  obtained  as  waste  metal 
in  the  form  of  clippings  of  sheets,  wire,  etc.,  was  dissolved  first  in  the  cold 
and  then  at  60  —  70°C.  Addition  of  iron  turnings  in  several  portions 
raised  the  temperature  to  80°C.  Next,  the  calculated  quantity  of  cal¬ 
cium  oxide  in  the  form  ot  finely  divided  calcium  carbonate,  quick  lime, 
01  hy diated  lime  was  added  slowly,  after  which  the  solution  was  heated 


to  boiling  and  boiled  for  several  hours.  Prepared  in  this  way,  the  solu¬ 
tion  was  stable  and  contained,  in  grams  per  liter,  115-125  Fe,  5-7  Cu, 
11-13  Ca,  and  no  excess  of  nitric  acid.  If  the  iron  and  lime  were  free 
from  insoluble  impurities,  the  solution  could  be  used  directly.  Other¬ 
wise,  filtration,  a  troublesome  operation  because  of  the  usually  gelatinous 
character  oi  the  impurities,  was  necessary. 

Precipitation  was  effected  within  a  period  of  5  min  by  introducing 
with  vigorous  stirring  the  nitrate  solution,  diluted  to  reduce  the  con¬ 
centration  of  iron  to  50-55  g  per  1  and  heated  to  98°C,  into  a  boiling 
so  ution  ot  the  precipitant  which  contained  90-100  g  of  Na2C03  per  1 
The  pH  at  the  end  of  precipitation  was  6.8-7.0,  determined  hot  with 
ndicatoi  strips  (Fohenkolonmeter).  Stirring  was  continued  for  30 
sec  longer,  and  then  the  calculated  amount  of  kieselguhr,  specified  to  be 
of  low  density  and  roasted  at  700°C,  was  stirred  in.  theTur™ 
filtered  rapidly  in  an  iron  filter  press  and  washed  with  hot  (70°-80°C) 
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distilled  water  until  the  calculated  content  of  sodium  nitrate  in  the 
finished  catalyst  was  0.4-0. 7  per  cent,  based  on  the  iron  content.  More 
complete  washing  was  unnecessary  and,  in  fact,  lowered  the  desired  cal¬ 
cium  oxide  content.  Usually,  200-220  1  of  water  per  kg  iron  in  the  cake 
was  sufficient.  The  wet  filter  cake  was  made  up  into  a  slurry  by  re¬ 
pulping  it  in  a  solution  containing  6  g  KOH  per  1,  in  order  to  achieve  in 
the  moist  filter  cake  produced  by  a  subsequent  additional  filtration  a 
concentration  of  3. 0-3. 5  g  potassium  hydroxide  per  100  g  iron.  Shaping 
the  filter  cake  into  2.5-mm  Fadenkorn  granules,  which  were  subsequently 
dried  at  1 10°  C,  produced  a  hard  catalyst  which  was  resistant  to  abrasion. 

The  catalyst  was  reduced  at  atmospheric  pressure  and  300°  C  for  1  hr 
with  a  mixture  of  75  per  cent  hydrogen  and  25  per  cent  nitrogen  at  an 
hourly  space  velocity  of  5,000.  Reduction  was  most  satisfactory  when 
the  catalyst  was  present  in  layers  25  cm  deep  and  when  the  gas  flow  was 
high  (about  2,000  cu  m  per  sq  m  cross  section  per  hr).  The  content  of 
metallic  iron  after  reduction  did  not  exceed  8  per  cent  and  the  metallic 
iron  plus  ferrous  iron  did  not  exceed  60-70  per  cent  of  the  total  iron 
present.  After  reduction,  the  catalyst  was  cooled  in  nitrogen;  it  was 
saturated  with  carbon  dioxide  slowly,  because  heat  was  liberated  during 
this  procedure,  contrary  to  the  behavior  of  cobalt  catalysts. 

The  results  of  a  160-day  test  with  5  1  of  this  catalyst  (3.1  kg  catalyst 
containing  270  g  Fe  per  1)  are  presented  in  Table  72,  column  4.  At  10 
atm  of  water  gas  with  a  recycle  ratio  of  residual  gas ‘.fresh  gas  of  2.2:1, 
its  activity  was  still  high  at  220°C.  The  average  conversion  of  CO  + 
H,  ( U )  was  63  per  cent;  the  methane  production  (Mv),  as  percentage  o 
total  CO  +  H2  converted,  was  7  per  cent;  and  the  utilization  ratio  of 
Hoi  CO  ( X )  was  1.1.  The  average  yield  of  C2+  products  was  106  g  per 
cu  m  1H2  +  ICO.  The  C5+  hydrocarbon  product  contained  68  per 
cent  wax  (br  >320°C)  of  which  63  per  cent  was  hard  wax  boiling  above 


"^Comparing  the  wax  yields  from  iron  and  cobalt 
suggested  the  following  values  for  the  hard  wax  (br  >400  C).  noimal 
pressure  cobalt  3  per  cent,  medium-pressure  cobalt  25  per  cent  won  50 
per  cent  of  the  total  product.  The  presence  of  oxygen  compounds  p^ob- 
blv  made  the  waxes  from  iron  catalysts  more  plastic  and  more  sun  . 
fn  properties  to  natural  ceresin,  but  Roe.en  did  not  think  they  had  as 
yet  been  tested  for  industnal  purpose^  ^  ^  ^  ^  of  manu. 

facture^HronTatalystshad  been  reduced  bv  the  ]J)°eon- 

as  precipitant  in  place  of  potas-un  H'gh 
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deleterious  effect  on  iron  catalysts.  It  was  intended  to  regenerate  iron 
catalysts  by  a  wet  process,  using  dilute  nitric  acid,  which  would  dissolve 
the  copper  and  80  per  cent  of  the  iron,  but  the  process  had  not  been  fully 
developed,  particularly  from  the  point  of  view  of  the  impurities  likely  to 
be  present,  eg,  A1  and  Pb.  The  recovery  of  copper  and  the  calcium  was 
believed  worth  while.  Solution  of  the  last  20  per  cent  of  the  iron  was 
thought  probably  uneconomic. 

A  catalyst  used  by  the  Ruhrchemie  toward  the  end  of  World  War  II 
for  operation  at  atmospheric  pressure  and  low  temperature  was  de¬ 
scribed  by  Roelen.35  Its  composition  was  100Fe*.5Cu:  lOCaO:  100  kie- 
selguhr,  and  it  contained  240  g  Fe  per  1.  When  reduced  with  hydrogen, 
this  catalyst  produced  a  large  amount  of  methane,  but  pretreatment 
with  water  gas  decreased  this  fraction.  Synthesis  began  at  140°C  and 
produced  a  low  conversion  of  CO  +  H2  of  about  50  per  cent  and  a  low 
use  ratio  of  H2:CO  of  0.8-0. 9.  The  products  had  a  low  boiling  range. 

The  catalyst  developed  by  Rheinpreussen  in  1944  for  atmos¬ 
pheric-pressure  synthesis  had  the  composition  100Fe:  (l-10)Cu: 
(0.5-1.5)K2CO3:  (50-100)  kieselguhr  and  depended  for  its  success  upon 
a  special  pretreatment  procedure.29  This  catalyst  was  prepared  by  dis¬ 
solving  the  iron  in  nitric  acid  to  give  a  10  per  cent  solution,  adding  the 
copper  nitrate,  boiling,  adding  the  kieselguhr,  precipitating  with  boiling 
10  per  cent  sodium  carbonate  solution,  filtering,  and  washing.  The  alkali 
dissolved  in  water  was  stirred  into  the  filter  cake,  which  was  dried  and 
broken  into  1-3-mm  granules.  The  catalyst  was  pretreated  at  atmos¬ 
pheric  pressure  of  ICO  +  2H2  gas  carefully  freed  from  both  carbon  di¬ 
oxide  and  water  vapor  and  passed  at  20  times  the  normal  synthesis  gas 
late  either  directly  or  with  recirculation  (recirculation  ratio  3).  Syn¬ 
thesis  was  carried  out  at  atmospheric  pressure  of  water  gas  with  recircula¬ 
tion,  or  of  a  gas  richer  in  hydrogen,  approaching  the  composition  of 
2H2  +  ICO,  without  recirculation.  The  longest  test  without  reactiva¬ 
tion  was  made  with  water  gas  for  2  months  at  218°C,  at  the  end  of  which 
time  the  catalyst  was  still  active.  It  was  estimated  that  the  catalyst 
lifetime  would  be  at  least  4  months.  For  one  stage  at  an  hourly  space 
ve  ocity  of  250,  the  yield  of  Ci+  products  was  130-135  g  per  cu  m  1H2 
+  ICO  gas,  and  for  two  stages  at  a  total  hourly  space  velocity  of  100 
it  was  160  g  per  cu  m  or  10  g  CH4  +  150  g  of  C2+  products.  Half  of 
the  oxygenated  product  was  water  and  half  carbon  dioxide.  The  use 
i atm  of  H2.CO  (X)  was  about  1.  Carbon  monoxide  conversion  (Urn) 
was  85-90  per  cent  for  stage  1  and  97  per  cent  for  the  two  stages  together 
ihe  wax  fraction  was  similar  to  that  obtained  from  the  cobalt  medium- 

pi  essure  synthesis,  and  the  amount  of  olefins  in  the  total  product  (40-50 
per  cent)  was  much  higher.  '  U 


266 


Development  of  Fischer-Tropsch  Catalysts 


A  precipitated  iron  Lurgi  catalyst  of  composition  lOOFe:  (5-10)Cu: 
9AI2O3 : 120  kieselguhr  was  used  in  a  process  primarily  intended  for  the 
detoxification  of  town  gas  produced  by  the  Lurgi  pressure-gasification 
process.39' 127  Single-stage  treatment  over  this  catalyst,  without  recircula¬ 
tion  of  the  gas,  at  20  atm  and  250°-280°C  was  reported  to  leave  only 
5-8  per  cent  of  CO  in  the  gas.  A  few  runs  were  made  in  a  pilot  plant 
erected  at  the  A.G.  Sachsische  Werke,  Bohlen,  near  Leipzig.  The  unit 
consisted  of  a  normal  Fischer-Tropsch  tube-  and  plate-type  assembly 
enclosed  in  a  cylindrical  vessel,  and  it  contained  about  6  eu  m  of  catalyst. 
Passage  of  Lurgi  gas,  containing  17  per  cent  CO  and  free  from  sulfur 
compounds,  through  the  unit  at  1,600  cu  m  per  hr  produced  30-40  g  of 
liquid  product  per  cu  m  of  input  gas.  The  composition  of  this  product 
was  as  follows,  in  weight  per  cent:  gasoline  25-30  (olefins  50-60  per 
cent),  Diesel  oil  10-30,  soft  wax  20-30,  hard  wax  25-30.  The  octane 
number  of  the  gasoline  fraction  was  70,  and  the  cetane  number  of  the 
Diesel  oil  fraction  65. 

Luxmasse  and  Lautamasse.  A  Lurgi  catalyst,  designed  for  the 
production  of  high  yields  of  olefins  and  hydrocarbons  in  the  gasoline 
range,  was  prepared  by  impregnating  Lautamasse  with  copper.38  127'128 
Lautamasse  was  the  iron  oxide  residue  resulting  from  the  alkaline  ex¬ 
traction  of  bauxite  during  the  manufacture  of  aluminum.  It  had  the 
following  approximate  composition:  50  per  cent  Fe203,  11-12  AI2O3, 
3-4  Na20,  7-8  Ti02,  4-5  Si02,  8-9  CaO,  1-2  MgO,  0. 1-0.2  MnO,  0.8- 
1.0  S02,  0.3-0. 8  P205,  50-55  H20.  The  Lautamasse  was  wetted  with  a 
quantity  of  copper-ammonium  nitrate  solution  calculated  to  produce  a 
final  copper  content  of  3  per  cent.  The  copper  was  then  precipitated  on 
the  carrier  with  K2C03  and  the  catalyst  reduced  by  hydrogen  (conditions 
not  given).  This  was  not  a  highly  active  catalyst  and  required  a  high 
operating  temperature  of  275°C.  Less  deterioration  due  to  caibon 
deposition  was  observed  than  would  have  occurred  with  a  more  acti\e 
catalyst.  The  synthesis  was  carried  out  in  the  conventional-type, 
externally  cooled,  medium-pressure  reactor,  as  built  by  Guttenhoff- 
nungshutte,  at  20  atm  of  1.6CO  +  1H2  gas  at  an  hourly  space  velocity 
of  100,  and  an  hourly  recycle-gas  space  velocity  of  300.  Only  one  stage 
was  required,  in  which  the  conversion  was  85  per  cent.  The  total  yield, 
per  cu  m  CO  +  H2,  was  135  g,  including  98  g  C5+  hydrocarbons,  32  g 
c3  +  C4  hydrocarbons,  and  5  g  alcohols.  In  addition,  there  was  Pro¬ 
duced  35  g  of  Ci  +  C2  products  per  cu  m  CO  +  H2  gas.  The  product 


C.  C.  Chaffee,  O.  F.  Thompson,  J.  G.  King,  H.  V.  Atwell,  and  I.  H.  Jones, 
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distribution  of  the  liquids  plus  solids,  in  weight  per  cent,  was  as  follows: 
71  gasoline  (<200°C),  21  Diesel  oil  (200°-320°C),  and  8  soft  wax  (320°- 
460°C).  The  olefin  content  of  the  gasol  (C3  -f  C4)  traction  was  70  vol¬ 
ume  per  cent;  of  the  gasoline,  75;  and  of  the  Diesel  oil,  GO. 

Promising  catalysts  consisting  of  Lautamasse  and  alkali  carbonates 
were  reported  at  Brabag.38-39  High  operating  temperatures  of  250°- 
270°C  with  CO-rich  gas  (0.6H2  +  ICO)  at  10-15  atm  were  used.  Ohe 
such  preparation  containing  5-6  per  cent  of  K2CO3  produced  an  average 
yield  of  146  g  C2+  hydrocarbons  per  cu  m  H2  +  CO  gas,  at  246° C,  over 
a  period  of  3  months.  The  products  contained  70-80  per  cent  olefins 
and  the  octane  number  (research)  of  the  38°-160°C  fraction  was  claimed 
to  be  82. 

A  Ruhrchemie  catalyst  developed  in  1940  in  an  attempt  to  make 
catalysts  hard  enough  for  use  on  a  large  scale  was  deposited  on  Lux¬ 
masse.29  Luxmasse  was  similar  in  composition  to  Lautamasse  but  con¬ 
tained  15  per  cent  of  Na20  instead  of  3-4.31  The  composition  of  the 
catalyst  was  100Fe:3.5Cu:  100  bleaching  earth:  10  kieselguhr.  In  its 
preparation,  a  volume  of  1,100  cc  of  10.3  per  cent  KOH  solution,  specific 
gravity  1.085,  was  heated  to  boiling;  3.5  g  kieselguhr  S.120  was  added, 
and  the  boiling  continued  for  1.5  min.  Then,  with  continuous  and 
vigorous  stirring,  a  suspension  of  200  g  Luxmasse  (35  g  Fe),  35  g  bleach¬ 
ing  earth  (Granosil),  and  10.3  cc  copper  nitrate  solution  (1.25  g  Cu)  in 
500  cc  hot  distilled  water  was  added.  Heating  and  stirring  were  con¬ 
tinued  until  the  mixture  was  brought  to  the  boiling  point.  It  was 
filtered  and  washed  3  times  with  200-cc  portions  of  hot  (90°C)  distilled 
water;  the  filter  cake  dried  at  110°-115°C.  After  granulation,  the  bulk 
density  was  500  g  per  1. 


Synthesis  was  started  with  water  gas  at  atmospheric  pressure,  at  an 
hourly  space  velocity  of  100,  and  the  temperature  was  increased  until 
t  e  contraction  was  20  per  cent.  The  pressure  was  increased  to  15  atm 
and  the  temperature  to  255°C.  The  recirculation  ratio  (residual  gas: 
feed  gas)  was  1. 5-2.5: 1.  The  use  ratio  of  H2:CO  (X)  was  1.27,  and  the 
conversion  of  CO.+  H2  (U)  60  per  cent.  The  yield  calculated  for  a  90 
pei  ceil  conversion  was  9o  g  C5+  hydrocarbon  products  and  21  g  Co-Cd 
pro  nets  per  cu  m  H2  +  CO  gas.  The  distribution  of  the  liquid  product 

(200^3 20° CfS ’  "  1  Pei;  Cent "  39  gaS°Hne  «200°C),  31  Diesel  oil 
(200  320  C),  and  30  wax  (>320°C).  The  gasoline  fraction  had  -m 

octane  number  of  72.  This  catalyst  was  unsatisfactory  because  it  re 
quired  a  high  synthesis  temperature. 

catalysts0 whkh18  l^n ' - Luxmasse  ,an^  Lautamasse  produced  fairly  active 
’  "eVer’  lequired  high  synthesis  temperatures.129  A 
I  A  T'  Reel  H6-X,  Frames  1,717-87,  17th  Communication. 
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125-day  test  in  the  gas  phase  at  10  atm  of  CO-rieh  gas  (probably  2H2  -f- 
3CO)  produced  at  248°  C  a  yield  of  1G4  g,  excluding  methane,  per  cu  m 
H2  “b  CO  gas.  The  catalyst  consisted  of  Luxmasse  which  had  been 
dried,  washed  to  remove  soluble  impurities,  and  alkalized. 

Dolomite.  Dolomite  was  considered  by  Rheinpreussen  to  be  satis¬ 
factory  as  a  carrier  for  promoting  wax  production,  preventing  carbon 
formation  during  pretreatment,  and  producing  a  hard  catalyst.  Ma¬ 
terial  from  a  band  of  dolomite  selected  to  be  free  from  sulfur  and  phos¬ 
phates  was  roasted  at  700° C  and  then  finely  powdered.  A  synthetic 
dolomite  consisting  of  an  equimolar  mixture  of  magnesium  and  calcium 
carbonates  produced  somewhat  less  active  catalysts. 

Carriers  were  incorporated  into  Rheinpreussen  catalysts  in  1941,  when 
the  cobalt  supply  in  Germany  became  critical  and  the  emphasis  in 
Fischer-Tropsch  synthesis  shifted  to  high  wax  production.  The  Rhein¬ 
preussen  iron  catalysts  precipitated  on  carriers  were  to  be  used  in  the 
conventional  gas-phase  synthesis.  Experiments  with  Rheinpreussen 
catalysts  precipitated  on  dolomite  in  the  liquid-phase  medium  showed 
no  improvement  over  the  results  obtained  with  carrier-free  catalysts.130 
For  example,  a  catalyst  precipitated  on  dolomite  and  alkalized  with  3 
per  cent  of  Iv2C03  produced  much  poorer  results  than  the  normal, 
alkalized,  carrier-free  preparation. 

The  iron  catalyst  described  by  Kolbel  as  the  best  one  developed  at 
Rheinpreussen  for  the  gas-phase,  medium-pressure  synthesis  was  pre¬ 
cipitated  on  dolomite.29-107  Its  composition  was  lOOFe:  (l-10)Cu: 
(50-100)dolomite :  (0.1-3)K2CO3.  In  the  preparation  of  this  catalyst, 
iron  was  dissolved  in  a  slight  excess  (5-10  per  cent)  of  dilute  nitric  acid 
to  give  a  10  per  cent  solution,  the  temperature  rising  to  about  50° C 
during  this  period.  Copper  nitrate  was  added,  the  solution  heated  to 
boiling,  powdered  dolomite  added,  and  the  precipitation  carried  out  by 
adding  boiling  10  per  cent  sodium  carbonate  solution.  The  excess  o 
sodium  carbonate  used  was  as  small  as  possible,  so  that  a  considers.  e 
amount  of  magnesium  remained  in  solution.  It  was  thought  essential 
that  the  procedure  be  carried  out  in  the  order  given.  F.  trat.on  was 
carried  out  immediately,  followed  directly  by  washing  until  the  h  tra  e 
was  free  from  N03-,  by  the  brown  ring  test.  This  took  about  4o  min 
for  a  laboratory-scale  preparation,  the  filter  funnel  being  refilled  wit 
fresh  water  0  or  7  times.  An  aqueous  solution  of  potassium  caibonate 
was  stirred  into  the  wet  filter  cake,  which  was  then  dried  and  bioken 
Granules  1-3  mm  in  size  were  collected.  The  catalyst  was  not  to, •mod 
S  extrusion  through  dies.  Kolbel  reported  that  a  successful  prepara- 

»  f.i.A.T.  Reel  116-X,  Frames  1,593-630,  12th  Communication. 
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TIME,  HOURS 

Figure  3-40.  Pretreatment  of 
catalyst  for  the  Rheinpreussen 
phase  medium-pressure  synthesis, 
produced  from  reference  107. 
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tion  had  been  carried  out  on  a  large  scale  in  the  Brabag  catalyst 
factory,  the  filtration  being  easier  than  for  the  normal  cobalt 
catalyst. 

Pretreatment  was  a  critical  step.  It  tvas  done  in  3—24  hr  at  atmos¬ 
pheric  pressure  and  at  280°-320°C  with  2H2  +  ICO  gas  carefully  freed 
from  carbon  dioxide  but  not  dried.  The  gas  was  recirculated  in  the  pro¬ 
portions  of  9  parts  of  recycle  gas  to  1  part  of  fresh  gas,  the  total  minimum 
space  velocity  being  1,000  volumes  of  gas  per  volume  of  catalyst  per 
hour.  The  pretreatment  time  required  was  judged  by  following  the 
evolution  of  C02.  As  shown  in  Figure  40, 107  C02  concentration  in  the  gas 
increased  to  a  maximum,  possibly  as 
a  result  of  decomposition  of  metallic 
carbonates,  then  fell  to  a  minimum, 
and  again  slowly  increased  to  a 
second  maximum  during  carbide 
formation.  Ideally,  the  pretreat¬ 
ment  was  concluded  when  the  second 
maximum  was  reached  (curve  A). 

If  carbon  formation  occurred,  a 
curve  similar  to  B  was  obtained  and 
the  catalyst  was  usually  inactive. 

The  temperature  at  the  end  of  pretreatment  was  decreased  and  syn¬ 
thesis  started  at  205°C  and  10  atm  of  2H2  +  ICO  gas.  Kolbel 107 
advocated  operation  with  two  or  preferably  three  stages,  or  with  re¬ 
circulation  of  the  residual  gas.  With  three  stages,  a  CO  conversion  of 
90-95  per  cent  could  be  obtained  with  an  overall  space  velocity  of  150 
ie,  twice  that  used  in  the  normal  technical-scale  plants.  As  an  example 
of  the  performance  of  such  a  catalyst,  Kolbel  quoted  data  for  a  test 
made  under  the  above  conditions.  The  temperature  rose  from  205°  to 
215°C,  but  the  catalyst  life  could  not  be  determined  because  the  run 
was  terminated  by  bombing  after  1,200  hr.  The  use  ratio  of  II2:CO 
was  1.5  The  yield,  including  methane,  was  159  g  per  cu  m  2H9  +  ICO 
gas.  The  methaije  fraction  was  about  5  per  cent  of  the  total  product- 
this  was  less  than  that  produced  in  the  cobalt  medium-pressure  syn¬ 
thesis  The  products  were  similar  to  those  obtained  from  cobalt  cata- 

raction  ThT  10fPr?Ure’  particularly  with  "*pect  to  the  small  u 
fraction.  The  wax  fraction  could  be  increased  by  using  more  alkali 

the  catalyst  or  by  operating  at  higher  pressure,  or  by  using  a  hiel 

P  uct  by  adsorption  on  active  carbon;  (3)  in 


wax 
in 
ner 
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producing  wax  more  suitable  for  oxidation;  and  (4)  in  lowering  syn¬ 
thesis  temperature  by  about  15°C. 

Silica.  Another  carrier  used  in  precipitated  iron  catalysts,  partic¬ 
ularly  by  Lurgi  Gesellschaft  fur  Warmetechnik,  was  silica.  Herbert 
(Research  Director  of  Lurgi)  described  the  following  as  the  best  iron 
catalyst  for  medium-pressure  synthesis  that  was  developed  in  his  labor¬ 
atory:  lOOFe :  25Cu :  9A1203 :  2K20 : 30SiO2.29- 127- 128  This  catalyst  was 
prepared  by  dissolving  copper  and  aluminum  nitrates  in  a  10  per  cent 
solution  of  ferric  nitrate  in  sufficient  quantities  to  produce  the  specified 
ratio  of  metals.  The  solution  was  heated,  and  a  10  per  cent  solution  of 
sodium  carbonate  was  added  rapidly  at  about  70° C  in  the  quantity  re¬ 
quired  to  precipitate  the  metals.  Freshly  prepared  silica,  obtained  from 
water  glass  and  dilute  mineral  acid,  was  added  rapidly  and  the  mixture 
stirred  for  about  1  min.  The  slurry  was  then  filtered,  washed  to  a  pH  of 
8.0,  and  impregnated  with  the  requisite  potassium  carbonate  equivalent 
to  2  per  cent  K20.  The  preparation  was  dried  in  a  centrifuge  until  it 
could  be  extruded  and  was  further  dried  on  a  conveyor  belt  by  a  blast  of 
hot  air  to  facilitate  cutting  up  the  spaghetti-like  threads  into  desired 
lengths.  Final  drying  was  carried  out  at  100°C.  The  alkali  silicate, 
ie,  K20  plus  equivalent  amount  of  silica,  was  responsible  for  the  good 
mechanical  strength  and  long  life.  It  was  thought  that  its  function  was 
to  stabilize  the  paste  during  preparation  of  the  catalyst  and  prevent 
thixotropic  liquefaction.  As  a  result,  the  dry  catalyst  threads  were  hard 
and  glassy  when  broken. 

Pretreatment  in  practice  was  carried  out  in  the  synthesis  unit  with 
hydrogen  at  an  hourly  space  velocity  of  1,000  for  1-3  hr,  at  250° -300°  C, 
the  exact  time  and  temperature  depending  upon  the  alkali  and  copper 
content.  High  alkali  contents  required  longer  reduction  periods.  ^  The 
catalyst  containing  25  per  cent  copper  could  be  reduced  at  250°C.29-39-127 

Synthesis  was  carried  out  on  a  laboratory  scale  at  Mousson  Strasse 
and  on  a  pilot-plant  scale  at  Hoesch-Benzin,  Dortmund.38- 39- 127  The 
latter  was  a  conventional-type,  externally  cooled,  double-tube,  medium- 
pressure  reactor  as  built  by  Guttenhoffnungshutte,  and  was  operated 
with  a  low  recycle  ratio  (2.5:1)  in  stage  1.  The  synthesis  was  started 
at  20  atm  of  water  gas  containing  less  than  10  per  cent  inerts  and  an 
hourly  space  velocity  of  100.  The  starting  temperature  of  180  C  was 
raised  to  220°  C  in  2  days.  Over  an  operating  period  of  3  months,  the 


which  a  yield  of  C3+  hydrocarbon  products  of  136  g  per  cu  m  it 
ICO  gas  was  obtained  in  stage  1,  and  a  total  yield  of  170  g,  including 
C3  ;gC4,  9  g  alcohols,  and  146  g  C5+  hydrocarbon  products,  per  cu 
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1H2  +  ICO  gas,  was  calculated  for  two  stages.  The  calculated  Ci  + 
C2  fraction  was  18  g  per  cu  m.  The  distribution  of  the  C5+  hydrocarbon 
fraction  was  as  follows:  gasoline,  <200°C,  20  weight  per  cent;  Diesel  oil, 
200°-320°C,  20;  soft  wax,  320°-460°C,  15;  and  hard  wax,  >460°C,  45. 
The  olefin  content,  in  volume  per  cent,  was  as  follows:  gasol  (C3  +  C4), 
00;  gasoline,  00;  and  Diesel  oil,  45. 

A  Ruhrchemie  catalyst  of  composition  100Fe:5Cu :  100CaO:6.5SiO2 
was  deposited  on  silica  in  a  manner  similar  to  that  used  by  Lurgi.131 
The  nitrates  of  iron,  copper,  and  calcium  were  dissolved  and  heated  to 
boiling  in  such  quantities  that  the  hot  solution  contained  1.8  kg  Fe  and 
the  appropriate  amounts  of  Cu  and  Ca  in  50  1  of  water.  This  was  added 
to  a  boiling  solution  containing  6.4  kg  of  Na2C03  in  50  1  of  water.  After 
suction  filtration,  the  filter  cake  was  washed  with  72  1  of  hot  distilled 
water  and  then  suspended  in  a  solution  consisting  of  50  1  of  water  +  443 
cc  of  a  potassium  water  glass  solution  which  contained  234  g  Si02  per  1. 
The  slurry  was  refiltered,  spread  on  trays,  and  collected  in  3-mm  granules 
which  were  dried  at  1 10°C.  After  reduction  with  75H2-25N2  mixture 
at  305°C  and  an  hourly  space  velocity  of  6,000  for  1  hr,  the  catalyst  was 
tested  at  10  atm  of  water  gas,  with  recirculation.  In  a  460-hr  test,  good 
conversion  of  CO  +  H2  (U)  was  obtained  at  214° C  ( U  =  62  per  cent), 
but  methane  production  was  high  (per  cent  of  U,  Mv  =  16),  and  the  use 
ratio  of  H2:C()  was  low  (A  =  0.71).  Roelen  35  stated  that  iron  cata¬ 
lysts  were  much  more  difficult  to  reproduce  than  cobalt  and  that  dif¬ 
ferences  arising  from  uncontrolled  variations  in  technique  din  ing  prepa¬ 
ration  were  sometimes  as  great  as  those  to  be  expected  from  a  deliberate 
variation  in  the  chemical  composition  of  the  catalyst.  Preparations 
impregnated  with  potassium  water  glass  were  particularly  hard  to  re¬ 
produce,  probably  because  of  the  non-homogeneous  composition  of  the 
water  glass.  It  was  thought  that  this  difficulty  could  be  overcome  by 
impregnating  with  KOH  or  Iv2C03  and  by  preboiling  a  portion  (10-50 
pei  cent)  of  the  carrier  kieselguhr  for  a  short  time  with  the  precipitant 
to  produce  the  good  effects  that  Lurgi  had  achieved  by  use  of  water 
glass  in  catalysts.  However,  Roelen  35  admitted  that  the  procedure  of 
preboiling  the  kieselguhr  was  abandoned  because  it  produced  unknown 
contents  of  alkali  and  silicate. 


FI  SED,  SINTERED,  AND  CEMENTED  CATALYSTS 

Fused  and  sintered  iron  plus  alkali  (synthetic-ammonia-type)  cata- 

ysts  were  studied  at  the  I.G.  Farben.  laboratories,  following  X  line  of 

investigations  originated  by  the  Badische  Anilin  und  Soda  Fubrik  \ 

<1,  met, on  has  been  made  in  the  U.  S.  Bureau  of  Mines  labiuato^  b£ 

1,1  T.O.M.  Reel  42,  Bag  3  439  Item  22  n  acu  v  •  ,  - 

6  item  zz,  p  394,  Experiment  725. 
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tween  the  type  of  catalyst  in  which  the  active  component  is  drastically 
modified  by  heat  and  that  in  which  the  particles  of  iron  oxide  are 
cemented  into  granules  by  the  addition  of  aluminum  nitrate  or  other 
binding  agents.  The  former  catalysts  should  correctly  be  named 
sintered,  and  the  latter,  “cemented.”  Changes  that  occur  in  the 
structure  of  the  iron  oxide  in  the  latter  catalysts  are  usually  slight. 
Catalysts  of  the  fused,  sintered,  and  cemented  types  are  at  present  of 
particular  interest  in  the  more  recently  developed  Fischer-Tropsch  proc¬ 
esses,  the  fluidized  and  oil-circulation  techniques.  In  these  processes, 
catalyst  granules  of  high  mechanical  strength  and  resistance  to  abrasion 
are  necessary.  Development  of  such  catalysts,  prepared  from  relatively 
inexpensive,  finely  powdered  iron  oxide,  is  in  progress. 

Fused  Synthetic-Ammonia-Type  Catalysts 

German  synol  catalyst.  The  first  synol  catalyst  (in  1940)  was  the 
Leuna  synthetic-ammonia  catalyst  WK  17.38, 132,133  was  prepared  by 
placing  19  kg  of  iron  from  a  wood  charcoal  preparation  in  a  shallow 
water-cooled  iron  pan  50  cm  in  diameter  and  15  cm  in  depth.  Pure 
oxygen,  supplied  by  two  nozzles,  was  directed  toward  the  mass,  which 
melted  in  10  min.  A  quantity  of  1  kg  of  the  promoter  was  added  to  the 
molten  mass  and  the  oxidation  was  completed  in  another  20  min.  The 
promoter  was  made  by  dissolving  16  kg  ol  pure  AI2O3  and  4  kg  of  KNO3 
in  2  1  of  60° Be  nitric  acid  and  2-4  1  of  water;  this  mixture  was  boiled  and 
cooled  to  a  solidified  cake.  Sometimes  a  little  lime  was  also  added.  The 
catalyst  melt  was  poured  out  on  an  iron  pan  and  allowed  to  cool  slowly. 
It  was  broken  up  into  0.5-1.0-mm  granules;  the  dust  was  remelted 
electrically.  The  following  values  were  reported  for  the  analysis  of  the 
Leuna  synthetic-ammonia  catalyst,  in  per  cent:  97  Fe304,  2.5  A1203, 
0. 2-0.6  K20,  0.16  S,  and  0.03  C.  The  apparent  or  bulk  density  was  2.0. 

For  use  in  the  synol  process,  the  catalyst  was  reduced  in  batches  oi 
about  500  1  with  pure,  dry  hydrogen  containing  less  than  0.02  mg  ol 
sulfur  per  cu  m,  as  shown  in  the  simplified  diagram  of  Figure  41,  at 
atmospheric  pressure  and  a  temperature  of  450°C.  Reduction  tempera¬ 
ture  was  apparently  not  critical,  as  a  range  of  380°-650°C  was  stated  to 
be  satisfactory.  The  essential  features  of  the  catalyst  reduction  were 
reported  to  be  (a)  a  high  space  velocity  of  not  less  than  2,000  1  of  hydro¬ 
gen  per  1  of  catalyst  per  hr,  and  ( b )  efficient  drying  of  the  recycle  and 
make-up  hydrogen.  The  recycle  hydrogen  leaving  the  reduction  vesse 

132  R.  Holroyd,  Editor,  U.  S.  Bur.  Mines  Inform.  Circ.  7,370  (1946),  pp  13,  95-6; 
PB  6,650;  C.I.O.S.  Rept.  XXXII-107,  Item  30  (194o). 

133  T.O.M.  Reel  86,  Bag  3,979,  Item  78. 
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contained  1-2  g  of  water  per  cu  m.  It  was  passed  through  a  water  cooler 
at  20° C,  through  an  ammonia  cooler  at  4°C,  and,  after  mixing  with  fresh 
hydrogen,  through  a  silica-gel  dryer.  The  time  required  for  reduction  of 
a  batch  of  catalyst  was  about  50  hr.  Absence  of  water  in  the  exit  gas 
was  used  as  a  criterion  of  completeness  of  reduction.  After  cooling  to 
50°C,  the  reduced  catalyst  was  transferred  to  small  steel  containers 
(Ktibel)  of  150-200  1  capacity,  in  an  atmosphere  of  C02.  From  these, 


Figure  3-41.  Simplified  diagram  for  reduction  of  synol  catalyst.  Reproduced  from 

reference  132. 

the  catalyst  was  charged  to  the  synthesis  reactors.  Details  of  the 
operation  of  the  process  and  distribution  of  the  products  are  described 
in  Chapter  4.  Reports  from  Leuna  dated  1941  and  1942  134  indicated 
that  improvement  in  the  catalyst  was  attempted  by  remelting  unre- 
duced,  finely  pulverised  catalyst  WK  17  with  carbonyl  iron  in  an  oxygen 
stream  It  was  believed  that  the  improved  homogeneity  and  porosity  of 
e  catalyst  produced  by  this  procedure  resulted  in  higher  activity  ' 

In  studies  of  the  synol  catalyst,  about  1  per  cent  Mn203  or  1  percent 
ZnO,  based  on  iron,  proved  to  be  less  effective  as  promoter  than  nhn„t 
3  per  cent  A1203.  The  addition  of  a  small  ■, mount  of  b°Ut 

catalyst  (3798)  produced  23-25  per  cent  estcrsTthe  4”  CfZ 
tion  and  was  suggested  as  a  possible  starting  uoint  for  th  i  1 
of  a  catalyst  to  synthesize  esters  or  adds  difectly  <^°Pment 

134  T.O.M.  Reel  134,  Repts.  283  and  326. 
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U.  S.  Bureau  of  Mines  tests.  Some  samples  of  American  synthetic- 
ammonia-type  catalysts,  the  compositions  of  which  are  shown  in  Table 
73,  were  selected  for  a  study  of  catalysts  of  high  mechanical  strength, 
and  these  were  tested  in  the  Fischer-Tropsch  synthesis.  A  sample  of 
German  synol  catalyst  obtained  from  the  I.G.  Farben.,  Leuna,  plant  was 


Table  73.  Composition  of  Commercial  Synthetic-Ammonia  Catalysts 
(Analysis  by  U.  S.  Bureau  of  Mines) 


Constituent 

Per  Cent  by  Weight  of  Each  Constituent  in 

D3001 

D3006 

D3004 

I 

D3005 

D3007 

D3008 

Total  iron  “ 

66.78 

67.95 

68.81 

70.28 

66.79 

70.04 

Ferrous  iron 

22.54 

26.08 

23.62 

27.16 

AI2O3 

None 

None 

2.8 

2.79 

2.76 

1.98 

MgO 

4.62 

4.61 

None 

None 

None 

None 

Cr203 

0.75 

0.65 

0.01 

0.02 

None 

Mn3C>4 

0.05 

0.03 

0.07 

0.29 

0.05 

K20 

0.61 

0.56 

1.9 

1.46 

1.24 

0.97 

CaO 

None 

None 

0.22 

0.05 

Si02 

0.62 

0.64 

0.2 

0.14 

1.86 

0.20 

1UU _  x  other  constituent  =  per  cent  of  other  constituent,  based  on  iron. 

total  iron 


also  tested,  in  order  to  obtain  comparable  results.  This  catalyst  was 
described  as  a  synthetic-ammonia  type  of  preparation,  made  by  burning 
iron  in  oxygen  and  promoted  with  aluminum  and  potassium  oxides.  It 
was  probably  also  remelted  with  carbonyl  iron.  Its  composition,  ob¬ 
tained  by  analysis,  was  as  follows:  100Fe:4.92Al2O3:0.94K2O:2.92CaO, 
parts  by  weight.  The  synol  catalyst  tested  in  XI 13  was  more  active 
than  the  commercial  American  synthetic-ammonia  catalysts,  as  indicated 
by  the  low  operating  temperature  (219.5°C)  and  low  methane  yield  (6  0 
weight  per  cent).  Later  tests,  described  below,  indicated  that  the  small 
particle  size  of  the  synol  catalyst  was  chiefly  responsible  for  its  greater 
activity.  A  summary  of  the  results  of  the  tests  of  these  catalysts  is 
presented  in  Table  74.124  The  activity  of  the  synol  catalyst  increased 
during  the  test;  the  commercial  synthetic-ammonia  catalysts  decreasec 
in  activity  during  synthesis.  The  catalysts  containing  magnesia  were 
more  active  than  those  containing  alumina.  The  operating >  tempeia- 
tures  in  the  tests  of  catalysts  D3001  and  D3006  were  lower  than  those 

of  D3004,  D3007,  and  D3008. 


Table  74.  Summary  of  Tests  with  Granular  6-8  Mesh  American  Commercial  Synthetic-Ammonia  Catalysts  at  7  Atm  of 

IH2  +  ICO  Gas 

(Reduced  in  dry  H2  for  40-50  hr  at  450 °C  and  hourly  space  velocity  of  5,000,  except  as  indicated;  inducted  and  operated  at  7  atm  of 

water  gas.) 
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0  Continuous  operation. 
b  Reduction  space  velocity  was  about  2,500. 
c  Fine  powder. 
d  40-60  mesh. 
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Catalysts  A3212,  A321  / ,  and  A4900  were  U.  S.  Bureau  of  Mines  prepa¬ 
rations.  The  composition  of  A3212  was  100Fe:3.5Al203:0.5K20,  parts 
by  weight,  based  on  starting  materials;  this  catalyst  was  made  by  mixing 
A1203  and  K20  with  electrolytic  iron  and  burning  the  mixture  in  oxygen. 
Catalyst  A3217,  of  composition  100Fe:5.0Al203:0.45K20,  parts  by 
weight,  was  made  by  burning  pure  iron  in  oxygen  in  the  presence  of 
aluminum  and  potassium  nitrates.  Catalyst  A4900,  of  composition 
100Fe:4.92Al203:0.94K20:2.92CaO,  was  prepared  by  the  procedure 
found  in  the  German  documents  (see  p  272)  for  the  synol  catalyst.  All 
three  catalysts  were  inferior  to  the  German  synol  catalyst  in  test  XI 13, 
as  indicated  by  the  data  for  tests  X129,  X148,  and  X171,  but  as  active 
as  most  synthetic-ammonia-type  catalysts.  Tests  X201  and  X208 
showed  that  the  activity  of  the  commercial  synthetic-ammonia  catalyst 
D3001  could  be  enhanced  to  a  large  extent  by  the  use  of  a  smaller  par¬ 
ticle  size  and  to  a  smaller  degree  by  remelting  of  the  catalyst  and  in¬ 
corporating  carbonyl  iron  into  the  melt.  Catalyst  D3001,  40-60  mesh, 
in  test  X201  was  much  more  active  than  the  6-8  mesh  granules  in  X105; 


the  synthesis  temperature  and  methane  fraction  were  lower  in  X201 
than  in  X105  but  similar  to  the  corresponding  values  in  XI 13.  Catalyst 
L3011,  which  contained  30  per  cent  of  carbonyl  iron  fused  into  D3001, 
was  somewhat  more  active  in  test  X208  than  was  D3001  in  XI 05.  It 
is  possible  that  the  combined  effects  of  smaller  particle  size  and  refusion 
of  the  catalyst  would  make  D3001  as  active  as  the  German  synol  cata¬ 
lyst.  . 

Other  fused  iron  catalysts.  The  experiments  of  Linckh  at  Oppau, 

in  which  carbon  monoxide  and  hydrogen  mixtures  at  pressures  of  100- 
200  atm  were  passed  over  fused  iron  oxide  catalysts,  date  back  to  1926. 
These  tests  led  to  the  development  in  1935-1938  of  the  Duftschmid  oil- 
recycle  process,  which  is  described  in  detail  in  Chapter  4,  p  400.  In t  ns 
process,  liquid  hydrocarbons  were  obtained  at  15-20  atm  of  CC)-H2 
mixtures  in  the  presence  of  a  fixed-bed  catalyst  consisting  of  promoted 
fused  iron,  the  heat  of  reaction  being  removed  by  the  vaporization  of 
cooling  oil  flowing  over  the  catalyst.  The  most  frequently  used,  stand¬ 
ard  catalyst  (997)  was  prepared  in  a  manner  similar  to  that  usei  01 
synthetic-ammonia  catalysts.  Iron  powder  in  water-cooled  cuk  m  s 
was  melted  by  a  stream  of  oxygen,  and  the  necessary  promo  ei 
..dried  to  the  melt  ^o.iss.ise  For  100  parts  of  iron  powdei,  2.5  ea< 
silicon  powder  and  titanium  oxide,  and  5  each  of  potassium  perman- 

135  e  Linckh  and  F.  Winkler,  German  Patent  708,512,  Nov.  14,  1035,  French 
Pr;.8A2r^rEP"na6F.  Winkier,  U.  B.  Patent  2, .,,,077.  May  23. 


1939. 
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ganate  and  water,  were  used.  Instead  of  potassium  peimanganatc, 
manganese  oxide  or  manganese  powder,  and  potassium  hydroxide  could 
be  used.  The  fused  cakes,  containing  iron  as  magnetite,  Fe304,  were 
crushed  to  6-12-mm  granules  (bulk  density  2.5  kg  per  1)  and  then  re¬ 
duced  in  a  separate  unit  with  dry  hydrogen  at  a  space  velocity  of  200— 
300  1  per  kg  catalyst  per  hr  and  a  temperature  of  450°-500°C  for  5-G 
days.  After  reduction,  the  catalyst  was  strongly  pyrophoric  and  was 
discharged  from  the  reduction  vessel  into  a  container  of  oil,  for  transport 
to  the  synthesis  reactor.  In  a  typical  pilot-plant  test  at  20  atm  of  ICO  + 
0.8H2  gas,  at  a  temperature  of  240°-290°C  in  the  first  stage  and  270°- 
320°C  in  the  second  stage,  the  conversion  of  CO  +  H2  ( U )  was  90  per 
cent  and  the  yield  of  C3  +  products  was  145-150  g  per  cu  m  (CO  +  H2). 
More  than  60  per  cent  of  the  total  C3+  product  was  a  highly  olefinic  oil 
boiling  below  320°C,  as  shown  by  the  data  in  Table  75.  The  primary 

Table  75.  Distribution  of  C3+  Product  from  Duftschmidt  Oil-Recycle 

Process  over  Fused  Iron  Catalyst 


Distribution, 

Olefins, 

Fraction 

weight  per  cent 

volume  per  cent 

C3  +  C4 

14 

80 

<100°C 

19 

50-65 

100°-150°C 

11 

40-55 

150°-175°C 

4 

35-45 

175°-325°C 

19 

20-35 

325°-400°C 

11 

20 

>400°C 

17  ° 

Alcohols 

5 

0  Hard  paraffin  melted  over  90 °C. 
6  Soluble  in  H20. 


gasoline  had  a  research  octane  number  of  65,  which  was  increased  to  85 
by  the  addition  of  0.1  per  cent  tetraethyllead.  The  middle-oil  fraction 
was  readily  usable  as  Diesel  luel;  a  typical  analysis  was  as  follows: 


Specific  gravity  at  15  °C,  kg  per  1 

Flame  point,  °C 

Pour  point,  °C 

Viscosity  at.  20°C  (Engler) 

Cetane  number 

Conradson  test,  per  cent 


0.809 

66 

-9 


1.70 

75.5 

0.3 


A  U  S  Bureau  of  Mines  test  was  made  of  a  similar  iron  catalyst  of 
compose, on  100Fe:2.5Si:2.5Ti02:5KMn04.  The  catalyst  Jas  redted 
by  hydrogen  at  500°C,  passed  for  48  hr  at  a  space  velocity  of  5,00.)  and 
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was  inducted  with  IH2  -f-  ICO  gas  at  7  atm  while  the  temperature  was 
raised  7°C  per  hr  until  the  contraction  was  G3  per  cent.  When  tested  for 
4  weeks  at  247°C,  a  pressure  of  21  atm  of  1H2  +  ICO  gas,  and  a  space 
velocity  of  300,  the  yield  of  hydrocarbon  products,  in  grams  per  cubic 
meter  of  feed  gas,  was  as  follows:  13.8  CH4,  45.7  C1-C4,  and  70.8  C5+.124 

Another  German  catalyst,  prepared  by  fusion  in  a  stream  of  oxygen, 
had  the  following  composition,  in  per  cent:  89.5  iron  powder,  2.24  ti¬ 
tanium  dioxide,  2.24  silicon  powder,  2.24  manganese  oxide,  2.03  copper 
powder,  and  1.8  potassium  hydroxide  dissolved  in  water.  The  molten 
catalyst  cakes  were  crushed  to  small  particles  and  reduced  at  650° C  with 
hydrogen  passed  at  a  space  velocity  of  500-700  1  per  1  catalyst  per  hr  for 
3  days.  This  catalyst  was  designed  for  high  ethyl  alcohol  production  in 
a  high-pressure  gas-recycle  process  developed  at  I.G.  Farben.,  Oppau, 
by  Klemm  and  Linckh.70'137  Part  of  the  catalyst  charged  into  the  syn¬ 
thesis  reactor  (upper  16  per  cent  of  the  reactor  space)  was  treated  with 
slightly  acidified  5  per  cent  copper  nitrate  solution,  which  was  reported 
to  prevent  carbon  formation  at  the  inlet  portion  of  the  converter.  Syn¬ 
thesis  was  carried  out  in  an  externally  cooled,  double-tube  type  of  re¬ 
actor,  containing  a  catalyst  annulus  of  10-12  mm,  at  a  temperature  of 
290°-320°C,  a  pressure  of  180  atm,  and  a  recycle  ratio  of  residual : fresh 
gas  of  3:1.  Synthesis  gas  was  rich  in  hydrogen,  the  average  CO:H2 
ratio  being  about  1:3.5.  An  average  yield  of  C3  +  products  of  53.3  g 
per  cu  m  CO  +  H2  was  distributed  as  follows:  C3  +  C4,  8.5  weight  per 
cent;  hydrocarbons,  41.5;  alcohols,  50.  About  half  of  the  total  yield 
consisted  of  alcohols,  of  which  50  per  cent  was  soluble  in  water  and  was 
recovered  from  the  reaction  water.  The  crude  alcohol  solution,  con¬ 
taining  about  10  per  cent  water,  consisted  of  the  following  products,  in 

per  cent: 

Acetaldehyde  2-3 

Acetone  3-5 

Methanol  10-15 

Ethanol  60-70 

Higher  alcohols  10-15 

Petrographic  studies  of  fused  iron  catalysts  described  in  the  preceding 
pages  were  made  at  Oppau  in  1944.»»  It  was  observed  that,  the  more 
active  catalysts  for  the  Fischer-Tropsch  synthesis  contained  the  simplest 
macro  structure.  In  such  catalysts,  most  of  the  iron  was  present  as 
magnetite  (Fe30„)  and  the  promoters  were  almost  entirely  in  sola  so  u- 
tion  in  the  magnetite  phase.  The  more  basic  the  catalyst,  the  more  it 

■V  R  Klemm  E.  Linckh,  and  F.  R.  Winkler,  German  Patent  76,490  Dec  20  1943. 

-TOM.  Reel  278,  Fused  Iron  Catalysts  for  OO-H,  Syntheses,  Oppau  (July  1, 

1944),  44  pp. 
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tended  to  produce  solely  hydrocarbons;  with  more  acidic  constituents, 
alcohol  and  other  oxygenated  products  were  favored. 

Another  fused  iron  catalyst  was  developed  for  the  synthesis  of  laig( 
olefin-containing  hydrocarbon  fractions  in  the  ammonia  laboratory  at 
Oppau,  headed  by  Scheuermann.70  This  catalyst  was  prepared  in  the 
manner  described  above  by  fusion  of  iron  plus  promoters  in  a  stream  of 


oxygen. 

The  early  tests  in  this  project  included  the  study  of  promoters  such 
as  the  difficultly  reducible  oxides  of  aluminum,  magnesium,  calcium,  and 
beryllium,  and  the  easily  reducible  oxides  of  copper,  silver,  nickel,  and 
cobalt.  The  use  of  aluminum  oxide  was  abandoned  because  it  was 
found  to  produce  smaller  specific  yields  and  smaller  straight-chain  hy¬ 
drocarbon  fractions  than  magnesium  oxide.  Catalysts  containing  chiefly 
magnesium  oxide,  silica,  and  potassium  as  promoters  were  selected  for 
further  study.  A  rapid  increase  in  the  olefin  content  of  the  primary 
product  from  20  per  cent  to  70  per  cent  occurred  when  a  small  quantity 
of  alkali  was  introduced  into  the  catalyst,  as  shown  in  Table  76,  I.  It  is 
noteworthy  that  the  MgO:Iv20  ratio  was  important.  If  the  magnesia 
content  was  increased  with  the  alkali  content  so  that  their  ratio  remained 
the  same,  no  significant  change  in  product  was  observed.  Substitution 
of  the  potassium  by  silica,  an  acidic  compound,  caused  a  decrease  and 
then  a  small  increase  in  olefin  content  of  the  primary  product  (Table  76, 
II);  the  same  effect  was  observed  when  the  alkali  content  was  constant 
and  the  Si02  content  was  increased.  In  the  presence  of  a  constant 
amount  of  silica,  the  strong  effect  of  increasing  amounts  of  potassium 
oxide  (Table  76,  III)  on  olefin  content  and  higher-molecular-weight 
fractions  (>320°C)  was  nullified.  After  use  in  synthesis,  the  alkalized 
catalysts  showed,  upon  examination  by  x-ray  analysis,  the  presence  of 
Hagg  carbide,  Fe2C.  The  silica-containing  catalysts  contained  mainly 
magnetite  (Fe304)  and  some  Hagg  carbide.  In  the  presence  of  a  con¬ 
stant  quantity  of  silica  and  increasing  alkali,  mainly  Hagg  carbide  and 

some  hexagonal  carbide,  Fe2C  (Halle  and  Herbst  carbide),  were  ob¬ 
served. 


,3enca*“lyst  fin,ally  selected  had  the  composition  100Fe:5MgO: 
”0Ks?-„  i‘  Ts  reduced  ln  hydrogen  at  500°C  and  a  space  velocity  nei 
our  of  2,000  for  48  hr.  Catalysts  whose  reduction  value  varied  betweer 
rn  and  100  produced  s.milar  results.  At  a  space  velocity  per  hour  ol 

225°  245«caS  TV  2“'  1 ^  synthesis  temperature  could  be  lowered  tc 

„  \  7  O  U  data  0f  synthesis  tests  With  this  catalyst  were  re 
ported  by  Scheuermann  «  to  have  been  lost 

“  '"terlst  f  the  observation  in  the  same  report  by  Scheuermann  a 
that  the  effect  of  fluoride  added  to  the  I.G.  Farben  fusedTd  pre- 


Table  76.  Tests  of  Fused  Iron  Catalysts  for  Olefin  Production,  I.G.  Farben.,  Oppau 
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a  Basis  for  calculation  of  yield  was  not  given. 

b  Bulk  density  of  catalysts  in  this  group  varied  from  2.94  to  2.38  with  increasing  alkali  content. 
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cipitated  catalysts  was  to  produce  lower-boiling  products  at  low  syn¬ 
thesis  temperatures.  Catalysts  containing  AIF3  or  FeF3  could  be  oper¬ 
ated  at  temperatures  as  low  as  170°— 200°C  and  still  produce  low-boiling 
oils,  according  to  Scheuermann.  At  these  low  temperatures,  the  oxygen 
was  found  in  water  rather  than  carbon  dioxide. 

A  highly  active  fused  catalyst  was  prepared,  according  to  Michael,29-70 
from  powdered  iron  oxide  (Eisenrot),  obtained  by  burning  iron  carbonyl 
vapor  in  oxygen.  The  oxide  was  stirred  into  a  paste  with  1  per  cent  of 
potassium  carbonate  or  potassium  borate  (or  sodium  borate)  and 
shaped  into  small  cubes  (about  1  cm3),  which  were  dried  and  reduced  at 
a  high  space  velocity  of  hydrogen  at  350°-450°C  until  two-thirds  of  the 
iron  was  in  metallic  state.  The  reduced  catalyst,  protected  by  an  at¬ 
mosphere  of  C02,  was  mixed  with  the  cooling  oil  and  ground  in  a  ball 
mill  to  a  small  particle  size. 

This  catalyst  was  used  in  the  foam  process,  in  which  water  gas  was 
forced  through  a  ceramic  plate  at  the  base  of  a  cylindrical  vessel  con¬ 
taining  a  suspension  of  catalyst  in  a  high-boiling  fraction  of  synthetic 
oil  and  which  resulted  in  the  production  of  highly  olefinic  liquid  hydro¬ 
carbon  fractions  for  use  in  chemical  synthesis.39- 139  Synthesis  on  a  pilot- 
plant  scale  was  carried  out  at  20  atm  pressure  of  synthesis  gas  and  an 
initial  temperature  of  250°C  in  a  simple  tube  of  1.5-cu-m  capacity.  The 
oil  contained  150-300  kg  iron  per  cu  m  of  oil,  and  to  it  was  added  the 
necessary  amounts  of  alkali  in  the  form  of  alcoholic  IvOH.  The  slurry 
was  recirculated  at  such  a  rate  as  to  change  the  contents  of  the  reactor 
every  3  min;  a  temperature  rise  of  10°C  occurred  in  the  reactor.  The 
synthesis  gas  (ICO  +  1H2  or  ICO  +  1.25H2)  recirculation  ratio  was  1. 
Conversion  of  CO  +  H2  ( U )  was  70  per  cent  in  one  stage  and  produced 
350-450  g  products  per  1  of  catalyst  per  day;  10  per  cent  of  this  yield  was 
methane.  -The  yield  ol  C3-f  hydrocarbon  products  per  cubic  meter  of 
gas  converted  was  189  g,  distributed  as  follows: 


Fraction 
C3  +  O4 

Gasoline  (C5-200°C) 
Middle  oil  (200°-325°C) 
Paraffin  (>325°C) 

0  67  per  cent  boiled  over  450 °C. 


Weight 

Olefins,  volume 

Per  Cent 

per  cent 

10 

75-80 

30-40 

70 

25-35 

50-60 

20-30  0 

ocarbons 

and  9  g  of  alcohols 

27  ppTfb  wT;  Mmea  ,nform- Circ • 7-376  <1946)- 
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low  100° C  contained  about  5  per  cent  of  alcohols;  the  middle-oil  fraction, 
8-12  per  cent  of  alcohols  and  in  addition  a  similar  quantity  of  oxygenated 
compounds  consisting  of  esters,  acids,  aldehydes,  and  ketones.  Addi¬ 
tional  details  on  this  process  are  given  in  Chapter  4,  p  416. 

Fused,  alkalized  iron  catalysts  prepared  from  finely  divided  iron  or 
iron  oxide  are  described  as  suitable  for  the  fluidized  process  in  several 
American  patents.140-142 


Sintered  Iron  Catalysts 


In  the  fixed-bed,  hot-gas-recycle  process,  the  development  of  which  is 
described  in  Chapter  4,  p  396,  a  hard  catalyst  granule  was  used  at  a  tem¬ 
perature  of  325° C  and  a  pressure  of  20  atm  of  ICO  +  1H2  gas.29, 39,  70,139 
The  catalyst  was  prepared  as  follows:  Finely  divided  iron  powder,  pre¬ 
pared  by  thermal  decomposition  of  iron  carbonyl  and  consisting  of  par¬ 
ticles  2-5  microns  in  diameter,  was  pasted  with  a  concentrated  solution 
of  sodium  borate  (1  per  cent  borax,  based  on  iron)  and  formed  into  small 
cubes  of  about  1  cm3.  In  order  to  insure  loose  packing,  the  cubes  were 
made  with  slightly  irregular  edges.  They  were  sintered  in  an  electrically 
heated  furnace  in  an  atmosphere  of  hydrogen  at  850°C  for  4  hr.  True 
density  of  the  catalyst  was  7,  and  the  apparent  or  bulk  density  2.5.  The 
catalyst  was  then  cooled  in  hydrogen,  which  was  replaced  by  carbon 
dioxide  for  protection  during  transfer  to  the  reactor.  Similar  reduction 
of  a  precipitated  catalyst  to  which  5  per  cent  of  aluminum  hydroxide 
had  been  added  was  also  described.143,144 

A  U.  S.  Bureau  of  Mines  sintered  catalyst  consisted  of  glomerules 
impregnated  with  alkali.  Glomerules  were  prepared  by  compacting  a 
wet  iron  oxide  powder  with  a  high-frequency  vibrator,  rolling  the  ma¬ 
terial  into  rough  spheres,  and  sintering  at  1,200°C.  These  rough  spheres 
were  impregnated  with  alkali.  One  such  catalyst  was  alkalized  vith 
K2C03  so  that  its  calculated  composition  was  100Fe:0.6K20.  It  was 
reduced  by  hydrogen  at  396°C  and  a  space  velocity  of  1,000  for  43  hr 
and  then  inducted  at  7  atm  of  1H2  +  ICO  gas  during  a  period  in  which 
the  temperature  was  raised  7°C  per  hr  until  the  C02-free  contraction 


ho  j  K.  Roberts  (to  Standard  Oil  Co.,  Chicago),  U.  S.  Patent  2,461,570,  Feb.  15, 

19m  a.  Voorhies,  Jr.  (to  Standard  Oil  Development  Co.),  U.  S.  Patent  2,469,755, 

Mosesman  (to  Standard  Oil  Development  Co.),  U.  S.  Patent  2,465,314, 
Mar  22  1949. 
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was  63  per  cent.  In  a  10-week  continuous  test  the  average  temperature 
was  220. 1°C,  space  velocity  100,  contraction  64.1  per  cent.  The  average 
yield  of  hydrocarbons,  in  grams  per  cubic  meter  of  feed  gas,  was  as 
follows:  7.6  CH4,  27.1  C1-C4,  99.1  C5+.124 


Cemented  Iron  Catalysts 

This  type  of  catalyst  is  usually  described  as  “sintered,”  but  in  the 
patent  literature  the  term  “sintered”  usually  refers  to  catalysts  in  which 
the  active  component  has  been  drastically  modified  by  heat.  In  “ce¬ 
mented”  catalysts,  the  particles  of  iron  oxide  are  held  together  by  a 
binding  agent.  Changes  that  occur  in  the  structure  of  the  iron  oxide 
are  slight  and  in  general  are  unimportant  to  the  usefulness  of  the  cata¬ 
lyst. 

In  U.  S.  Bureau  of  Mines  catalysts,  alumina  and  borax  were  suitable 
binding  agents;  potassium  borate,  potassium  and  sodium  silicates,  mag¬ 
nesia,  and  calcium  oxide  were  unsuitable.  The  two  last-mentioned  ma¬ 
terials  produced  active  catalysts,  but  the  granules  were  soft.  Test  data 
for  catalysts  containing  the  other  binding  agents  are  summarized  in 
"1  able  t  i  .XA  The  first  catalyst  shown,  A3218.087,  was  described  pre- 

Table  77.  Activity  of  Some  Cemented  Magnetite  Ore  Catalysts  in  Tests 

at  7  Atm  of  1H2  +  ICO  Gas 


(6-10  mesh  granules,  reduced  in  H2  for  20  hr,  450°C,  SVH  =  1,500-2,000,  inducted 

and  operated  at  7  atm.) 


Catalyst 

Test, 

X  .  .  . 

Time, 

weeks 

Tem¬ 

pera¬ 

ture, 

°C 

SVH 

Con¬ 

trac¬ 

tion, 

per 

cent 

Hydrocarbon 
Products,  g  per  cu 
m  feed  gas 

No. 

Composition 

ch4 

c,-c4 

C5  + 

A 32 18.087 
LI  002.2 
L1004 
A3310  “ 
L1010.2 
L1016 

a  d _ i _ , 

lOOFe :  3.5A12Oj  :  0.5K2O 

100Fe304:5Na2B407 

100Fe804:4K2B407 

Fe304:  K2Si03  b 

100Fe304 :2Na2Si03 
100Fe3O4:10Na2SiO3 

196 

165 

175 

146 

185 

187 

8 

8 

2 

1 

5 

2 

228.5 

248.5 
283.0 
297.0 
262 
285.0 

101.5 

96.8 

106 

98. 1 

90.0 

64.3 

65.6 

58.6 
(in  .  !i 

64.4 

59.4 

6.9 

15.  1 

20.2 

26.0 

16.1 

33.8 

20.2 

44.2 

41.0 

58.6 

50.7 
60.9 

66.6 
62  5 

53.7 

35.7 
65 . 5 
37.1 

a  Reduction  time  was  39  hr. 


Composition  based  on  starting  materials  was  100Fe:3.3Si02:5.5K20. 


viously  in  this  chapter  (p  234). 
■ng  finely  divided  magnetite  ore 


C  atalyst  L  1002.2  was  prepared  by  mix- 
w,th  ^  per  cent  borax  (Na2B407)  solu- 
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lion,  evaporating  to  dryness,  and  heating  at  800°C  for  15  min.  Heating 
at  lower  temperatures  produced  soft  granules  which  disintegrated  in 
water.  These  two  catalysts  were  fairly  satisfactory  with  respect  to 
activity  and  mechanical  strength;  however,  the  granules  were  softer  in 
the  reduced  than  in  the  oxide  state.  A  similar  preparation  with 
potassium  borate  (catalyst  LI 004)  was  neither  particularly  active  nor 
stable  mechanically.  \\  hen  the  binding  agent  was  a  silicate,  the  prep¬ 
aration  procedure  was  similar.  These  catalysts  were  unsatisfactory 
with  respect  to  one  or  the  other  or  both  criteria.  Typical  of  the 
silicate-containing  catalysts  was  A33 10,  which  was  prepared  as  follows: 
Equimolar  quantities  of  K2CO3  and  Si02  were  fused;  the  product  was 
a  white,  crystalline  solid,  soluble  in  water.  An  aqueous  solution  of  this 
material,  containing  per  cc  0.249  g  K20  and  0.149  g  Si02,  was  mixed 
with  finely  divided  magnetite  ore  in  the  proportions  of  160  cc:  1,000  g. 
The  paste  thus  obtained  was  evaporated  to  dryness  and  dried  in  an 
oven  at  150°C  for  24  hr.  The  dried  cake  was  crushed  to  6-8  mesh 
granules,  which  were  heated  at  500°  C  for  16  hr. 

Michael  39- 70- 139  described  some  highly  active  cemented  catalysts  de¬ 
signed  for  use  at  low  temperatures  in  the  conventional,  tubular  reactors 
operated  at  20  atm.  One  such  catalyst  was  prepared  by  mixing  iron 
oxide  or  iron  hydroxide  with  5-25  per  cent  of  MgO  or  MgC03  and  1-2 
per  cent  of  K2C03  or  K2B407  and  compressing  the  mixture  into  pellets. 
Heating  of  the  pellets  was  done  in  nitrogen  at  850° C.  After  cooling,  the 
catalyst  was  reduced  with  hydrogen  at  a  high  space  velocity  and  tem¬ 
perature  of  350°-450°C.  The  results  obtained  in  a  test  carried  out  at 
230°-250°C  in  a  reactor  of  20-1  capacity  showed  that  the  major  fractions 
of  the  product  comprised  gasoline  and  middle  oil;  ie,  10  weight  per  cent 
of  C3  +  C4,  35-50  gasoline  (<200°C),  25-35  middle  oil  (200°C-325°C), 

15  paraffin  (>325°C). 

The  product  distribution  was  shifted  toward  high  wax  yields  when 
the  promoter  was  wolfram  oxide  or  barium  oxide.70  For  example,  iron 
powder  obtained  by  thermal  decomposition  of  iron  carbonyl  was  mixed 
with  several  per  cent  tungsten  oxide  and  pasted  with  1  per  cent  potas¬ 
sium  borate  dissolved  in  a  little  water.  The  mixture  was  formed  into 
pellets  which  were  heated  in  air  at  850°  C  for  4  hr  and  then  reduced  in 
hydrogen  passed  at  a  high  space  velocity  and  a  temperature  of  4o0  C. 
At  a  synthesis  temperature  of  230°C  the  following  product  distribution 

was  observed,  in  per  cent: 


C3  +  C4 

Gasoline  (<200°C) 
Middle  oil  (200°-350°C) 
Paraffin  (>350°G) 


4 

17 

19 

00 
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U.  S.  Bureau  of  Mines  Studies  of  Various  Sources  of  Iron 

The  results  of  tests  with  catalysts  prepared  from  iron  obtained  from 
various  sources  are  summarized  in  4  able  /8.1-4  4  he  catalysts  weie  made 
by  impregnating  the  iron  with  about  0.5  per  cent  of  K20.  In  catalysts 
A3210  and  L3009,  alumina  was  incorporated  as  the  binding  agent.  The 
catalysts  prepared  from  pigment-grade  Fe203,  mill  scale,  goethite  ore, 
and  Pennsylvania  Salt  Manufacturing  Company  siderite  were  operated 
at  temperatures  below  about  235° C.  These  catalysts  were  similar  to  the 
cemented  catalysts  prepared  from  finely  divided  magnetite  ore  (see  p 
234,  this  chapter)  and  showed  nearly  constant  activity  throughout  the 
test,  in  contrast  to  the  steady  decrease  in  activity  observed  with  the 
fused  synthetic-ammonia-type  catalysts,  ddie  catalyst  prepared  from 
Alabama  ore  was  slightly  less  active  and  was  equal  in  activity  to  a  fused 
synthetic-ammonia  catalyst.  The  low  activity  of  the  catalysts  prepared 
from  wrought  iron  drippings  and  limonite  ore  could  probably  be  at¬ 
tributed  to  the  presence  of  some  deactivating  constituent  in  the  raw 
material.  The  former  catalyst  contained  a  large  amount  of  silica  (30 
per  cent  in  the  raw  material)  and  was  difficult  to  reduce;  the  latter 
catalyst  was  probably  inactive  because  of  its  high  sulfur  content  (total 
sulfur  was  1.2  per  cent).  The  conclusion  that  may  be  drawn  from  these 
tests  is  that  an  inexpensive  iron  powder  may  be  used  to  prepare  active 
catalysts,  provided  (1)  that  it  does  not  contain  a  constituent  which  is  a 
catalyst  poison  in  the  Fischer-Tropsch  synthesis  or  which  hinders  re¬ 
duction  of  the  catalyst,  and  (2)  that  it  is  impregnated  with  alkali. 


Present  Status 

U.  S.  Bureau  of  Mines  studies  have  produced  several  promising  cata¬ 
lysts.  Three  which  were  developed  as  a  result  of  the  tests  described  in 
the  preceding  pages  were  the  following:  (1)  magnetite  or  other  iron  oxide 
powder  cemented  with  A1203  and  alkalized  with  KoO;  (2)  glomerules 
prepared  by  compacting  a  wet  iron  oxide  powder  with  a  high-frequency 
vi  la  oi,  10  ing  the  material  into  rough  spheres,  sintering  at  1  200°C 
and  impregnating  the  spheres  with  alkali;  (3)  magnetite  or  other  iron 
oxide  powder  cemented  with  5-10  per  cent  of  borax.  These  catalysts 

l'and™  w'.  COm?M®1*  reduced  20  hr  at  450°c-  Catalysts  of  types 
a  2  were  active  at  operating  temperatures  of  235°C  or  lower  and 

xili^f  LTc  rrrhat  Iess  active>  ^7™$. 

glomerules  was  to-oollay  I  COnS'Stl"S  °f  cemented  magnetite-borax 
was  made  of  finely  divided  magnetoe  and  W 


Table  78.  U.  S.  Bureau  of  Mines  Tests  of  Iron  Catalysts  Prepared  from  Various  Paw  Materials, 

at  7  Atm  of  IH2  +  ICO  Gas 
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Reduction  space  velocity  1,500. 
Reduction  time  24  hr. 
Reduction  temperature  400°C. 
Reduction  space  velocity  4,000. 
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15  per  cent  by  weight)  was  added  to  produce  a  heavy  paste,  which  was 
extruded  through  a  vibrating  perforated  plate  into  a  rotating  drum. 
Spherical  glomerules  were  thus  produced,  which  were  heated  at  1,000°C 
for  about  15  min.  Catalyst  L1017  contained  7.5  per  cent  borax,  and 
L1006.ll,  10  per  cent.  Catalyst  1017,  in  test  X199,  maintained  a  rel¬ 
atively  constant  activity  at  about  255°G  for  40  days.  After  40  days,  it 
became  necessary  to  increase  the  temperature  steadily,  whereupon  the 
activity  became  constant  again  at  285°-295°C  in  the  operating  period 
from  00  to  80  days.  After  50  days  of  testing,  the  catalyst  was  removed 
for  examination.  It  dropped  freely  from  the  reactor,  and  the  particles 
had,  apparently,  not  changed  in  size  or  in  mechanical  strength  during 
this  period.  The  catalyst  was  recharged  into  the  reactor,  and  the  test 
continued  to  about  80  days.  When  the  run  was  terminated,  the  cata¬ 
lyst  was  found  to  be  caked  in  the  reactor,  although  no  excessive  pressure 
drop  through  the  catalyst  bed  was  observed. 

A  similar  catalyst,  L1006.ll,  containing  slightly  more  borax,  produced 
similar  results  in  test  X205.  The  temperature  required  to  maintain  con¬ 
stant  conversion  varied  between  255°  C  and  260°  C  for  45  days,  but  sub¬ 
sequently  it  was  necessary  to  increase  the  temperature  to  300° C  in  the 
next  7  days.  The  test  was  terminated  after  several  days  at  300° C,  and 
the  catalyst  was  found  to  be  badly  disintegrated,  presumably  as  a  result 
of  operation  at  this  high  temperature.  Possibly,  if  catalysts  of  this  type 
were  hydrogenated  at  400°or  450°  C  when  increase  in  temperature  became 
necessary,  the  catalyst  life  could  be  extended  appreciably.  However, 
the  present  data  indicate  a  life  of  45-50  days  for  these  catalysts.  A  sum¬ 
mary  of  the  data  obtained  in  tests  XI 99  and  X205  is  shown  in  Table 
79. 124 


It  should  be  noted  that  the  U.  S.  Bureau  of  Mines  tests  described  in 
the  preceding  pages  were  made  in  fixed-bed,  externally  cooled,  labora¬ 
tory-size  reactors.  The  suitability  of  catalysts  on  a  large  scale  or  in  other 
types  of  reactors,  with  respect  to  rigidity  of  the  catalyst  granules,  would 
have  to  be  determined.  For  example,  the  borax  and  alumina  cemented 
catalysts  retained  some  of  their  mechanical  strength  upon  reduction  but 
the  glomerule  catalysts  lost  their  mechanical  stability  and  would  be  un¬ 
suitable  in  a  process  requiring  a  rigid  granule.  The ‘latter  type  of  cata¬ 
lyst  would  probably  be  satisfactory  in  the  slurry  process.  Recently  ball 
clay  has  shown  some  promise  of  being  a  successful  cementing  agent 
The  use  of  nitrided  fused  iron  catalysts,  prepared  by  the  introduction 
of  nitrogen  into  the  iron  lattice,  has  resulted  in  a  marked  increase  in 
catalyst  activity  and  life.  These  catalysts  represent  a  significant  ad- 
vance  m  the  search  for  a  theoretical  basis  for  catalyst  development  A 
letailed  description  of  them  is  presented  in  Chapter  6,  p  549. 
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Table  79.  Life  Tests  of  Cemented  Magnetite-Borax  Glomerules  at  7  Atm 

of  1H2  +  ICO  Gas 

(6-10  mesh  granules;  reduction  conditions:  H2,  20  hr,  450 °C,  space  velocity  2,000; 
induction  conditions:  7  atm  of  1H2  -f  ICO  gas,  temperature  raised  7°C  per  hr  until 

contraction  was  63  per  cent.) 


Period, 

Tem¬ 

pera- 

Con¬ 

trac¬ 

tion, 

Space 

Veloc- 

Products,  g  per  cu  m  of  feed  gas 

Cs+ 

Cs+i 
per  cent 
of  total 

hr 

ture, 

°C 

per 

cent 

ity 

ch4 

C3  +  C4 

C1-C4 

O 

O 

to 

H20 

C5+ 

C1-C4 

hydro¬ 

carbons 

Catalyst  L1017,  7.5  per  cent  borax,  test  X199 


112 

256 

63.5 

91 

13.9 

25.2 

49.5 

259.7 

30.4 

39.0 

0.8 

44.1 

166 

257 

62.7 

92 

19.8 

18.2 

52.7 

353.7 

35.7 

65.6 

1.2 

55.5 

162  a 

254 

64.3 

92 

23.5 

20.0 

58.9 

326.3 

28.2 

58.5 

1.0 

49.8 

166 

254 

62.7 

91 

23.5 

24.8 

63.0 

316.9 

27.8 

49.7 

0.8 

44.1 

190 

256 

63.4 

90 

27.5 

23.3 

66.5 

317.0 

25.5 

57.0 

0.9 

46.2 

142 

258 

61.9 

91 

29.2 

25.7 

72.1 

326.9 

12.7 

44.4 

0.6 

38.1 

166 

260 

62.9 

89 

24.8 

24.9 

63.5 

321.9 

22.3 

46.7 

0.7 

42.4 

166  b 

265 

60.1 

92 

25.4 

13.6 

52.7 

315.9 

16.7 

42.2 

0.8 

44.5 

166 

269 

62.6 

88 

27.0 

31.2 

71.3 

327.0 

21.2 

38.9 

0.5 

35.3 

166 

265 

64.6 

90 

31.7 

15.2 

59.9 

331.6 

19.0 

38.1 

0.6 

38.9 

166 

292 

68.1 

88 

32.9 

25.1 

70.2 

339.5 

21.1 

42.8 

0.6 

37.9 

166 

288 

66.6 

90 

33.9 

23.3 

69.1 

346.1 

18.3 

39.1 

0.6 

36.1 

166 

287 

64.5 

89 

38.0 

20.4 

68.8 

355.9 

13.5 

44.4 

0.6 

39.2 

Av.  166 

258 

62.6 

93 

24.8 

21.5 

66.1 

325.5 

24.1 

52.0 

0.9 

45.8 

Catalyst  L1006.ll,  10  per  cent  borax,  test  X205 


88 

166 

166 

166 

166 

166 

126 

166 

165 

267 
258 
256 
256 
256 
260 
263 

268 
290 

63.6 

65.6 
63.8 

61.3 
64.1 

64.3 
64.1 
61.0 

64.4 

101 

101 

101 

102 

100 

103 

101 

102 

101 

27.5 

19.9 

10.3 

23.2 

24.9 

24.4 
27.1 
26.7 

33.3 

23.9 

24.5 
43.0 
27.8 

9.7 

27.8 

23.6 
30.0 

21.8 

68.4 

57.4 
61.2 

63.1 

48.1 
64.3 
65.9 

71.1 

69.5 

279.2 
303.5 
312.9 
293.4 
295.0 

294.3 

302.4 
309.2 

341.4 

35.6 
29.8 
35.3 

29.6 

32.6 
28.1 
20.5 
21.2 

15.7 

38.1 
54.8 

52.1 

42.6 
41.0 

46.2 
44.1 

34.7 

35.3 

0.6 

0.9 

0.8 

0.7 

0.8 

0.7 

0.7 

0.5 

0.5 

35.7 
48.9 
46.0 
40.3 

46.1 

41.8 

40.1 

32.8 

33.2 

Av.  160 

260 

63.5 

101 

22.4 

26.6 

61.6 

301.5 

28.2 

45.1 

0.7 

40.5 

a  Power  off  4  hr.  ,  . .  .  . 

6  Two-cubic-centimeter  sample  removed  at  the  en  o  ns  perio 

were  in  good  condition. 


At  this  point,  catalyst  granules 


Particle  Size 


U  S  Bureau  of  Mines  tests  of  samples  of  a  fused  iron  catalyst  of  dif- 
ferent  particle  sizes  showed  that  the  activity  of  ^is  <=ataly^t  mcrea^d 
with  decreasing  particle  size  until  a  mesh  size  of  40-60  was  read  , 
after  which  the  activity  remained  approximately  constant. 


Particle  Size 
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formation  is  of  practical  importance,  since  the  catalyst  may  then  be 
operated  to  produce  a  higher  space-time-yield  (yield  per  unit  volume  of 
catalyst  per  unit  time)  at  the  same  temperature,  or  the  same  space-time- 
vield  at  a  lower  temperature,  which  is  more  favorable  to  a  lower  produc¬ 
tion  of  gaseous  hydrocarbons  and  a  longer  catalyst  life. 

Activity  and  product-distribution  data  obtained  in  tests  of  various 
samples  of  synthetic-ammonia-type  catalyst  D3001  are  summarized  in 
Table  SO.124  The  temperature  required  to  maintain  a  gas  contraction  of 


Table  80.  Activity  and  Product-Distribution  Data  of  Various  Particle 

Sizes  of  Fused  Catalyst  D3001 

(All  catalysts  reduced  in  hydrogen  at  450  °C  and  tested  at  7  atm  of  IH2  +  ICO  gas.) 

Test,  X  .  .  . 


212 

Mesh  size  4-6 


Geometric  area,  sq  cm  per  g  ° 

4.0 

Space  velocity 

97.6 

Contraction,  per  cent 

63.1 

Average  synthesis  tempera- 

ture,  °C 

266 

Equivalent  activity  at 

238°C  b 

14.1 

Products,  weight  per  cent  c 

Ct 

17.8 

c2 

9.1 

C3  +  C4 

17.1 

Liquids  plus  solids 

56.0 

Total  acid  number  d 

1.33 

Distillation  analysis  of  Cj-f-, 
weight  per  cent 

<185°C 

48.7 

185°-352°C 

34.2 

352°-464°C 

10.3 

>464°C 

6.8 

Infrared  analysis  of  fractions  « 

<185°  185- 

OH 

352° 

0.15  0.04 

a-Olefins 

4.16  1.10 

(9-Olefins 

5.60  3.66 

152 

118 

201 

6-8 

14-18 

40-60 

5.2 

11.9 

44.7 

97.0 

98.9 

99.0 

65.2 

62.3 

64.8 

256 

238 

220 

19.9 

37.5 

73.2 

17.8 

10.7 

7.1 

9.5 

7.4 

5.8 

19.9 

15.2 

14.0 

52.8 

66.7 

73.1 

1  .98 

5.67 

3.62 

38 

.1 

27 

.8 

19 

.8 

35, 

.5 

34 

.9 

24, 

.3 

14, 

,9 

16 

.9 

15 

.9 

11 . 

5 

20, 

.4 

40 

.0 

<185° 

185- 

<185° 

185- 

<185° 

185- 

352° 

352° 

352° 

0.17 

0.04 

0. 

.48 

0.10 

2. 

.10 

0.70 

4.87 

1.10 

5 

.40 

1.29 

7 

.40 

3.40 

5.05 

3.88 

3, 

.46 

3.43 

1 

.60 

1.90 

Computed  as  smooth  spheres  or  cubes. 

Cubic  centimeters  1H2  +  ICO  gas  converted  per  gram  of  catalvst  ner  hour  o  *•  *■ 

of  20  kcal  per  mole  was  used  in  calculation  at  238°C.  activation  energy 

f  Total  of  C1-C4  and  liquids  plus  solids,  per  cubic  meter  of  feed  gas,  varied  from  100-110  „ 

e  weruf  aCld  number  0f  a(1Ueous  plus  hydrocarbon  phases.  10  g’ 

Weight  per  cent  of  actual  group,  ie,  OH  or  C=C. 


«3  65  per  cent  (C02-free)  decreased  with  decreasing  particle  size-  the 
equivalent  activity  at  238°C  increased.  Thus,  activftv  of  a  fusvdlta- 
lyst  apparently  varied  inversely  with  the  particle  diameter:  accessibility 

CSSS**  “  *•  *"  - . - 


290 


Development  of  Fischer-Tropsch  Catalysts 


PRETREATMENT  AND  REACTIVATION  OF  IRON 

CATALYSTS 


Pretreatment  Conditions 


The  Kaiser  Wilhelm  Institut  fur  Kohlenforschung  reported  that  the 
procedure  developed  for  conditioning  cobalt  catalysts,  ie,  reduction  of 
the  catalyst  by  hydrogen  before  synthesis,  was  unsuccessful  when  ap¬ 
plied  to  precipitated  iron  catalysts  in  the  medium-pressure  synthesis. 
From  1937  on,  KWI  research  on  the  Fischer-Tropsch  synthesis  was  con¬ 
cerned  primarily  with  the  development  of  procedures  for  activating  pre¬ 
cipitated  alkalized  iron  catalysts.  In  1940,  Pichler  102  reported  the  re¬ 
sults  of  pretreatment  studies  with  CO  and  CO-H2  mixtures.  In  Table 
81  are  presented  activity  data  for  catalysts  pretreated  under  various 
conditions  and  tested  in  synthesis  at  15  atm  of  3CO  +  2H2  and  a 
throughput  of  4  1  per  10  g  Fe  per  hr.  Pretreatment  under  synthesis  con¬ 
ditions,  assuming  the  first  few  days  of  synthesis  to  be  the  conditioning 
(or  induction)  period,  activated  the  catalyst  very  slowly.  The  effect  of 
this  induction  procedure  is  demonstrated  in  the  first  experiment  in  Table 
81  (column  A),  in  which  4  1  of  3CO  +  2H2  gas  per  10  g  of  iron  per  hr  at 
245° C  and  15  atm  pressure  was  passed  over  a  sample  of  KWI  “normal” 
iron  catalyst  (described  in  this  chapter,  p  248).  I  he  catalyst  was  tested 
in  a  12-13-mm-I.D.  tube  which  was  slightly  inclined  from  the  hori¬ 
zontal  and  which  was  heated  in  an  aluminum-block  furnace.  A  layer  of 


catalyst  30  cm  long  was  used;  it  contained  the  equivalent  of  10  g  of  iron, 
corresponding  to  about  20  cc  of  freshly  prepared  catalyst.  At  the  end 
of  the  fourth  day,  the  contraction  was  10  per  cent;  this  was  the  induction 
period.  In  the  second  and  third  months  at  temperatures  above  280  C, 
contractions  of  about  45  per  cent  (includes  C02)  were  observed.  At  the 
end  of  the  third  month,  the  yield  per  cu  m  of  3CO  +  2I42  gas  was  3  g  ol 
naraffin  93  g  of  liquid  hydrocarbons,  and  32  g  of  gasol  (C3  +  C4)  hy¬ 
drocarbons,  obtained  at  280°C.  In  the  second  experiment  of  Table  81 
(column  B),  an  ammonia-precipitated  iron  catalyst  containing  0.25  per 
cent  of  potassium  carbonate  was  inducted  with  ICO  +  2H2  gas  at  at¬ 
mospheric  pressure  and  245°C.  At  the  end  of  5  days,  when  the  con¬ 
traction  was  31  per  cent,  the  pressure  was  increased  to  15  atm  and  the 
gas  composition  changed  to  3CO  +  2IT„  for  the  synthesis  period.  The 
catalyst  produced  a  contraction  of  about  59  per  cent  at  once  and  con¬ 
tinued  to  give  high  contractions  for  more  than  3  months.  The  maxi¬ 
mum  temperature  was  265°C,  which  was  38°C  below  the  maximum  syn¬ 
thesis  temperature  required  in  the  previous  experiment.  In  the >  prepai  - 
tion  of  the  catalyst  used  in  this  test,  ammonia  was  passed  into  a  wa 


Pretrea  t  m  en  t  Condi  t  ions 


291 


(60°C)  ferric  nitrate  solution  (100  g  Fe  per  1)  at  a  rate  calculated  to 
complete  the  precipitation  in  20  min.  An  equal  volume  of  boiling  dis¬ 
tilled  water  was  added  to  the  precipitate,  and  it  was  then  filtered  and 
washed  5  times  with  hot  distilled  water.  Subsequent  treatment  was 
performed  in  the  manner  described  for  the  normal  iron  catalyst.  The 
dried  cake  was  also  dark  brown  and  hard,  and  it  gave  a  conchoidal  frac¬ 


ture. 

When  an  iron  catalyst  was  inducted  for  25  hr  at  325°C  and  0.1  atm  ol 
3CO  +  2H2  gas,  a  low  synthesis  temperature  at  15  atm  of  3CO  +  2H2 
gas  was  maintained  for  a  long  time,  as  shown  in  the  test  data  summarized 
in  column  C  of  Table  81.  The  synthesis  temperature  did  not  exceed 
250°C  in  100  days  or  275°C  in  200  days.  At  the  end  of  the  second  week, 
the  yield  of  liquid  and  solid  hydrocarbons,  per  cu  m  of  3CO  -f  2H2  gas, 
was  109  g,  and  the  yield  of  gasol  hydrocarbons,  31  g. 

These  experiments  showed  that  induction  at  elevated  pressures  was 
undesirable  but  that  atmospheric-  or  subatmospheric-pressure  induction 
produced  active  catalysts.  Low  induction  pressure  favored  low  free- 
carbon  and  high  carbidic  carbon  content  in  the  catalyst.  The  same 
trend  was  observed  when  pure  CO,  instead  of  CO-H2  mixtures,  was  used: 
the  catalyst  inducted  at  15  atm  was  less  active  than  others  inducted  at 
1  and  0.1  atm,  respectively.  More  free  carbon  was  deposited  on  the 
catalyst,  under  comparable  conditions,  when  CO  rather  than  CO-H2 
mixtures  was  used  for  induction. 


That  the  induction  temperature  had  an  important  effect  upon  the 
temperature  at  which  synthesis  could  be  started  was  indicated  by  the 
results  summarized  in  Figure  42.  In  this  study,  samples  of  normal  iron 


catalyst  were  inducted  at  0.1  atm  of  3CO  +  2H2  gas  for  25  hr  at  temper¬ 
atures  ranging  from  255°  to  355° C  and  were  tested  with  3CO  -f-  2Ho  gas 
at  15  atm  and  a  throughput  of  4  1  per  10  g  Fe  per  hr.  Synthesis  tem- 
peiatiue  was  kept  constant  at  235°  C  and  the  decrease  in  contraction 
with  time  was  measured.  The  optimum  temperature  range  was  ob¬ 
served  to  be  315°-325°C.  Induction  at  315°C  produced  a  catalyst 
which  at  235° C  maintained  contractions  over  50  per  cent  (includes  CCb) 
for  more  than  30  days;  induction  at  325° C  produced  higher  initial  ac¬ 
tivity  which  declined  somewhat  more  quickly.  Other  tests  showed  that 
catalysts  inducted  at  245°  and  235°C,  respectively,  and  1  atm  of  CO-H2 
gas  could  not  reach  a  contraction  of  50  per  cent  at  a  synthesis  tempera- 
ture  of  235  C  and  synthesis  pressure  of  15  atm.  Analysis  of  such  cata- 

250°  -md IT6  ^  a  Sharp  inCreaSe  in  carbidic  carbon  between 
and  4a0  Wlth  a  maximum  at  325°C.  Free  carbon  showed  a  sharp 
increase  at  temperatures  above  325° C. 
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Figure  3-42.  Influence  of  induction  temperature  upon  the  activity  of  the  catalyst 
during  medium-pressure  synthesis  (measured  by  variation  of  contraction  with  time 
of  operation  at  15  atm  and  235°C).  Induction  was  carried  out  for  25  hr  with 
3C0  +  2H2  gas  at  0.1  atm  pressure.  Reproduced  from  reference  102. 


Figure  3-43  Influence  of  induction  temperature  upon  the  activity  of  the  catalyst 
during8 medium-pressure  synthesis  after  induction  with  CO  at  <M  atm  pressure. 

Reproduced  from  reference  102. 


Pretreatment  Conditions 

The  effect  of  induction  temperature  when  CO  was  used  is  demon¬ 
strated  in  Figure  43.  Induction  was  carried  out  for  25  hr  at  0.1  atm  of 
CO  and  a  throughput  of  4  1  per  10  g  Fe  per  hr,  over  the  temperature 
range  255°-345°C.  The  synthesis  conditions  were  15  atm  of  3CO  + 
2H2  gas,  throughput  of  4  1  per  10  g  Fe  per  hr,  and  a  constant  tempeiatuie 
of  235°C.  The  catalyst  inducted  at  325° C  maintained  a  contraction  of 
more  than  50  per  cent,  at  a  synthesis  temperature  of  235°  C,  for  120 
days;  for  the  catalyst  inducted  at  345° C  the  contraction  was  higher  than 


Figure  3-44.  Influence  of  induction  temperature  upon  the  activity  of  the  iron 
catalyst  (luring  medium-pressure  synthesis.  Reproduced  from  reference  102. 


50  per  cent  at  235°  C  for  more  than  80  days.  Synthesis  test  data  for 
these  two  iron  catalysts  are  shown  in  Table  81.  In  the  4-month  test  of 
the  catalyst  inducted  at  345°C  (column  E ),  the  average  yield,  per  cu  m 
ot  3CO  +  2H2  gas,  for  the  first  2  months  was  110  g  C5+  hydrocarbons 
and  41  g  C3  +  C4  hydrocarbons.  In  the  12-month  test  of  the  catalyst 
inducted  at  325°C  (column  D ),  the  average  yield  was  108  g  C5+  and 
d0  g  03  -(-  C4  hydrocarbons.  The  course  of  this  experiment  is  also 
shown  graphically, in  Figure  «  (curve  1)  in  which  synthesis  temperature 
was  plotted  against  time,  in  months.  Curve  2  was  obtained  from  a 
catalyst  inducted  at  255°C  and  0.1  atm  of  CO,  for  25  hr.  During  syn¬ 
thesis  on  the  latter  catalyst  at  15  atm  of  3CO  +  2H2  gas  and  through- 

o-oo?.  4  per  10  8  Fe  1>,'r  hr’  tlle  temperature  was  raised  from  235°  to 
,!  ,  ,ln  8  months,  m  order  to  obtain  contraction  values  over  50  per  cent 
(includes  C02,  equivalent  to  70  per  cent  conversion).  In  the  eleventh 
month,  the  increased  activity  permitted  a  lowering  of  the  synthesis  tem- 

™ttl  the  f°  f  Crt  Ther?after’  the  temperature  not  raised  again 
the  fourteenth  month.  Apparently,  the  catalyst  inducted  at  this 
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low  temperature  required  further  conditioning,  which  occurred  in  the 
eai  ly  peiiod  of  synthesis.  It  was  observed  in  this  experiment,  however, 
that  a  high  fraction  of  gaseous  hydrocarbons  was  produced  and  that  the 
synthesis  temperature  remained  above  250°  C. 

The  effect  of  varying  the  pressure  and  space  velocity  of  carbon 
monoxide  on  the  rate  of  induction  of  a  precipitated  iron  catalyst  was 
determined  by  measuring  the  production  of  carbon  dioxide  during  the 
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DURATION  OF  CATALYST  INDUCTION,  HOURS 

Figure  3-45.  Rate  of  carbon  dioxide  production  during  induction  of  a  precipitated 
iron  catalyst  at  325°C  with  different  pressures  and  space  velocities  of  carbon  mon¬ 
oxide.  Reproduced  from  reference  102. 


pretreatment.  Figure  45  (curves  1  and  2)  shows  the  results  obtained  when 
induction  was  carried  out  at  0. 1  atm  and  325°C.  A  throughput  of  4 1  of  CO 
per  10  g  of  iron  per  hr  was  used  in  both  experiments  during  the  pre¬ 
liminary  period,  in  which  the  temperature  was  raised  to  325° C.  In  the 
first  experiment  (curve  1),  in  which  the  throughput  was  4,  C02  pi  educ¬ 
tion  for  the  first  8  hr  was  about  1  1  per  hr;  after  this  time  it  gradually  de¬ 
creased  until  a  constant  minimum  value  of  0.2-0.3  1  per  hr  was  reached 
in  another  17  hr.  In  the  second  experiment  (curve  2),  in  which  the 
throughput  was  40,  a  maximum  value  of  8  1  of  C02  per  hr  was  reached 
within  2  hr  and  a  constant  minimum  of  1  1  per  hr  within  the  next  hall 
hour.  Although  in  each  experiment  a  total  of  100  1  of  CO  was  passec 
over  the  catalyst  until  the  C02  production  decreased  to  a  low  va hie, 
more  free  carbon  was  deposited  on  the  catalyst  and  more  C02  (16  1  as 
compared  with  11  1)  was  produced  in  the  first  experiment  than  in  the 
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second.  The  two  catalysts  showed  equal  activity  when  tested  in  syn¬ 
thesis  for  30  days  with  3CO  +  2H2  gas  at  15  atm  and  235°C.  Curve  3, 
obtained  from  another  sample  of  catalyst  inducted  at  1  atm  ol  C( )  and  a 
throughput  of  4,  was  similar  to  curve  1,  but  produced  C02  at  twice  the 

rate  in  the  first  8  hr. 

In  the  Ruhrchemie  laboratory,  it  was  customary  to  reduce  pre¬ 
cipitated  iron  catalysts  with  hydrogen.  Roelen  35  reported  that  reduc¬ 
tion  with  hydrogen  produced  catalysts  which  favored  the  methane  and 
lighter  hydrocarbon  fractions.  Ruhrchemie  found  that  pretreatment 
with  water  gas  in  place  of  hydrogen  decreased  methane  production ;  the 
data  summarized  in  Table  82  demonstrate  this  effect,111  The  advantages 


Table  82.  Effect  of  Pretreatment  of  Precipitated  Iron  Catalyst, 
lOOFe :  5Cu :  lOCaO :  30  Kieselouhr  °  (Ruhrchemie) 


Test 

No. 

Pre¬ 

treatment 

Synthesis  Data 

Temperature, 

°C 

Conversion 

Ub 

Mv  c 

Use  Ratio 

(■ x ), 

H2 :  CO 

777 

1H2  +  ICO 

214 

55 

12 

1.1 

736  d 

1H2  +  ICO 

221 

59 

12 

1.1 

714 

h2 

210 

40 

20 

1.0 

715 

h2 

215 

70 

22 

1.2 

726 

h2 

214 

58 

22 

0.9 

712 

h2 

223 

48 

20 

1.0 

°  A11  catalysts  were  precipitated  by  Na2C03  and  alkalized  with  potassium  water 
glass,  except  the  catalyst  in  test  777,  which  was  alkalized  with  KOH. 

6  Per  cent  CO  -f-  Ho,  converted. 
c  CH4,  per  cent  of  CO  +  H2  converted. 
d  Produced  yellow  paraffin. 


% 

of  carrying  out  the  pretreatment  with  water  gas  at  0.1  atm,  as  described 
by  the  Kaiser  Wilhelm  Institut  fur  Kohlenforschung,  could  be  re¬ 
produced  by  diluting  the  water  gas  with  nitrogen  and  using  a  partial 
pressure  of  CO  +  H2  of  0.1  atm  at  a  total  pressure  of  1  atm.35  Ruhr- 

c  iemie  (Roelen)  35  thought  that  pretreatment  was  more  economical 
than  hydrogen  reduction. 


A  pretreatment  technique  described  by  Kolbel,  of  Rheinpreussen  2>.‘M 
was  the  typhoon”  method.  A  precipitated  iron  catalyst  was  ’ pre¬ 
dated  tor  6  hr  at  2S0°-320°C  by  2H2  +  .CO  gas  which  was  carefully 
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freed  from  both  carbon  dioxide  and  water  vapor  and  was  passed  over  the 
catalyst  at  atmospheric  pressure  and  at  20  times  the  normal  synthesis 
gas  rate  either  directly  or  with  recirculation  (recirculation  ratio  3).  In 
the  medium-pressure  synthesis,  a  catalyst  pretreated  in  this  manner 
showed  increased  activity,  as  indicated  by  a  low  synthesis  temperature 
and  low  methane  production.  It  was  believed  at  Lurgi  that  pretreat¬ 
ment  comprised  nothing  more  than  reduction  and  could  be  done  equally 
well  with  hydrogen,  water  gas,  or  diluted  carbon  monoxide,  but  hydrogen 
was  preferred  for  full-scale  operation  for  two  reasons:  (1)  If  water  gas 
were  used,  the  pretreatment  would  have  to  be  done  in  the  reactor  itself 
because  some  synthesis  would  undoubtedly  occur;  however,  the  reactors 
could  not  be  used  at  the  high  temperatures  required  for  the  pretreat¬ 
ment.  (2)  On  account  of  the  very  high  gas  rate  required,  the  water  gas 
would  have  to  be  recirculated  and  would  have  to  be  scrubbed  free  of 
synthesis  products  before  passage  through  the  recirculation  pumps.29 
Pretreatment  in  practice  was  carried  out  at  Lurgi  in  the  synthesis  unit 
with  hydrogen  at  an  hourly  space  velocity  of  1,000  for  1-3  hr  at  250°- 
300° C,  the  exact  time  and  temperature  depending  upon  the  alkali  and 
copper  content.  Higher  alkali  contents  required  longer  reduction  pe¬ 
riods.  The  catalyst  containing  25  per  cent  copper  could  be  reduced  at 
250°  C;  10  per  cent  copper,  at  280°  C;  and  a  copper-free  catalyst  required 
a  temperature  over  300°C.29-39-127  If  carbon  monoxide-containing  gas 
was  used  for  pretreatment,  the  temperature  was  180  —200  C.  It  was 
stated  that,  if  the  catalyst  was  intended  for  high  wax  production,  it 
should  be  reduced  only  until  10  per  cent  metallic  iron  was  present,  but 
that  if  gasoline  was  the  principal  product,  reduction  should  be  carried 
as  far  as  possible  by  increasing  the  time  and  gas  rate. 

In  the  conditioning  of  fused  and  sintered  catalysts,  U.  S.  Bureau  of 
Mines  tests  showed  that  reduction  with  hydrogen  was  preferable  to  in¬ 


duction  with  1H2  +  ICO  gas,  but  that  induction  at  a  high  temperature 
produced  satisfactory  catalysts  in  instances  in  which  induction  rather 
than  reduction  was  desirable.  The  data  obtained  in  tests  with  sinteied 
catalyst  A2103  (goethite  ore  +  K20)  showed  that  its  activity,  as  in¬ 
dicated  by  the  synthesis  temperature  required  to  produce  a  contraction 
of  about  65  per  cent,  increased  with  temperature  of  induction,  and  that 
the  sample  inducted  at  325°C  was  nearly  as  active  as  the  one  reduced  in 
hvdrogen.  Table  83  presents  a  summary  of  these  results.124 

The  activity  of  fused  synthetic-ammonia  catalyst  D3001  was  increase! 
by  the  presence  of  0.4  per  cent  of  CO  in  the  hydrogen  used  for  reduction. 
The  average  synthesis  temperature  for  a  catalyst  reduced  with  hydrogen 
containing  traces  of  CO  was  248°C,  which  was  8°C  lower  thanjhat  o  >- 
served  in  tests  of  the  same  catalyst  reduced  in  pure  hydrogen. 
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Table  83.  Pretreatment  of  Sintered  Catalyst  A2103,  Tested  at  7  Atm 
of  1H2  +  ICO  Gas  (U.  S.  Bureau  of  Mines) 


Test 

X... 

Pretreatment  Conditions  “ 

Synthesis  Conditions 

Gas 

Tem¬ 

pera¬ 

ture, 

°C 

Time, 

hr 

Space 

Veloc¬ 

ity 

Weight 

Loss, 

per 

cent 

Weeks 

Space 

Veloc¬ 

ity 

Tem¬ 

pera¬ 

ture, 

°C 

Con¬ 

trac¬ 

tion, 

per 

cent  b 

181 

h2 

450 

24 

2.000 

35.6 

5 

100 

231 

64.8 

183 

ih2+ico 

270 

24 

100 

5 

99 

270 

65.1 

188 

ih2+ico 

282 

24 

'  100 

7 

97 

264 

64.4 

216 

ih2+ico 

325 

24 

104 

5 

100 

237 

63.0 

°  Pressure  was  atmospheric. 
6  C02-free. 


300 


Development  of  Fischer -Tropsch  Catalysts 

Othei  tests  showed  that  the  rate  of  reduction  of  fused  synthetic-am¬ 
monia  catalyst  1)3001  at  550°  C  was  decreased  by  the  presence  of  small 
amounts  of  carbon  dioxide,  water  vapor,  and  carbon  monoxide.  The 
relative  effectiveness  of  these  three  materials,  in  order  of  decreasing 
magnitude,  was  C02,  H20,  and  CO.  Reduction  by  a  mixture  of  hy¬ 
drogen,  saturated  with  water  vapor  at  27°C,  +  0.1  per  cent  CO  +  1.8 
per  cent  C02  +  4.7  per  cent  CH4  was  very  slow  at  550°C.  Figure  46  124 
shows  graphically  the  results  mentioned  above.  It  seems  improbable 
that  the  methane  contributed  to  the  decreased  rate  of  reduction. 


Carbide  Content 

The  nature  of  the  carbide  or  mixture  of  carbides  produced  in  iron 
catalyst  has  been  studied  by  x-ray  diffraction  and  thermomagnetic  anal¬ 
yses.  Table  84  is  a  summary  tabulation,  in  which  the  carbide  contents 
of  various  iron  catalysts  are  presented.  The  catalysts  listed  are  dis¬ 
cussed  in  the  following  pages. 


Table  84.  Carbide  Content  of  Iron  Catalysts 


Catalyst 


Composition 

lOOFe:  0.25K2CO3 
lOOFe:  0.25K>CO3 
lOOFe:  (0.2-0.5)Cu:  1K2C03 
Fe304-Mg0-Si02-Cr203-K20 
lOOFe:  lCu:  1.5K2C03 

lOOFe:  lCu:  1.5K2C03 

lOOFe:  lCu:  1.5K2C03 
lOOFe:  1Cu:0.25K2CO3 
Fe:Cu:Al203:K20l 
Fe:Cu:MgO:K20  < 
lOOFe:  10Cu:0.32K2C03 
lOOFe:  20Cu:1.5K2CO3 
Fe:  A1203:  K20 


Type 

Laboratory  “ 

Precipitated 

KWI 

Precipitated 

KWI 

Precipitated 

Rheinpreussen 

Fused 

BM 

Precipitated 

KWI 

Precipitated 

KWI 

Precipitated 

KWI 

Precipitated 

KWI 

Precipitated 

IG 

Precipitated 

BM 

Precipitated 

KWI 

Fused  synol 

IG 

Pretreatment  Conditions  Carbide 


CO  at  325°C 

Ho  at  250°C  +  CO  at  220°C 
H2-CO,  temperature  not  given 
Ho  at  450°C  +  CO  at  240°C 
CO  at  325°C 

lHo  +  ICO  at  325 °C 

Ho  at  250°C  +  CO  at  220°C 
CO  at  205 °C 


Hagg 

Hagg 

Hagg 

Hagg 

Hagg  4*  a  little  hex¬ 
agonal 

Hagg  +  a  little  hex¬ 
agonal 

Hagg  +  hexagonal 
Hexagonal 


H2-CO  at  240°C  or  CO  at  220°C  Hexagonal 

Ho  at  220°C  +  CO  at  240°C  Hexagonal 

2Ho  +  ICO  at  225°C  Hexagonal  +  Hagg 

H2  at  450°C  Hexagonal  +  a  little 

Hagg  6 


°  Literature  references  are  given  in  the  text. 
b  After  use  in  synthesis. 


Quantitative  determination  of  earbidic  carbon  by  treatment  of  a  com¬ 
pletely  carburized  sample  of  KWI  normal  iron  catalyst  with  hydrogen 
at  atmospheric  pressure  and  263°C  indicated  the  presence  ol  an  iron 
carbide  containing  8.64  per  cent  of  carbon,  whose  composition  cone- 


sponded  to  the  formula,  Fea.ssC.""  ,  ...  „„  ,  n  ,  . 

Carburization  of  the  KWI  normal  iron  catalyst  with  CO  at  0.1  atm 
pressure,  a  flow  rate  of  8  1  per  10  g  Fe  per  hr,  and  a  temperature  of 
325°C  for  5  hr  produced  chiefly  magnetite  (Fe304).  At  the  end  of  a 
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total  of  12  hr,  the  catalyst  consisted  of  50  per  cent  magnetite  and  50  per 
cent  of  a  carbide  whose  Curie  Point  (CP)  was  2G5  C.  I  his  ratio  of 
magnetite :  carbide  remained  constant  even  after  carburization  for  13  hr 
longer.  Recent  x-ray  diffraction  and  thermomagnet ic  analyses  in  the 
U.  S.  Bureau  of  Mines  laboratory  145  showed  that  this  carbide  had  the 
formula  Fe2C  and  was  identical  with  the  carbide  reported  by  Hiigg, 
CP  247°C.146  In  another  experiment,  the  KWI  normal  iron  catalyst 
was  reduced  with  hydrogen  at  250°C  at  1  1  per  20  g  Fe  per  hr  for  240  hr 
and  then  carburized  with  1  1  CO  per  20  g  Fe  per  hr  for  219  hr  at  220°C.110 
Again  the  catalyst  consisted  of  50  per  cent  magnetite  and  50  per  cent 
CP  265° C  carbide.  A  carbide  was  produced  when  the  Rheinpreussen 
precipitated  iron  catalyst  of  composition  lOOFe:  (0.2-0. 5)Cu:  IK2CO3 
was  pretreated  with  an  H2-CO  gas  mixture.147  This  carbide,  which  was 
not  definitely  characterized  at  Rheinpreussen,  was  believed  by  U.  S. 
Bureau  of  Mines  investigators  who  later  reviewed  these  experiments  to 
be  the  Hiigg  carbide.145  The  catalyst  containing  1  per  cent  Iv2C03 
showed  more  carbide  than  that  with  0.25  per  cent  added  K2C03,  prob¬ 
ably  as  a  result  of  its  stabilization  by  the  presence  of  more  alkali.  In  a 


U.  S.  Bureau  of  Mines  test,  a  fused  synthetic-ammonia-type  catalyst, 
D3001,  was  reduced  by  hydrogen  at  450° C  and  then  carburized  with 
carbon  monoxide  at  240°  C  for  539  hr.  X-ray  diffraction  and  thermo- 
magnetic  analyses  showed  that  the  Hiigg  carbide  was  produced  by  this 
treatment.145  KWI  tests  made  with  a  precipitated  iron-copper  cata¬ 
lyst  of  composition  lOOFe:  lCu:  1.5K2C03,  prepared  by  adding  the  req¬ 
uisite  amount  of  cupric  nitrate  to  the  preneutralized  iron  solution  and 


carrying  out  the  precipitation  and  subsequent  treatment  in  the  same 
manner  used  for  the  normal  iron  catalyst,  showed  the  following  results. 
Carburization  with  CO  at  0.1  atm,  a  flow  rate  of  8  1  per  10  g  Fe  per  hr, 
and  a  temperature  of  325°  C  produced  in  0.5  hr  the  same  result  that  was 
produced  in  12  hr  in  the  normal  iron  catalyst,  ie,  50  per  cent  magnetite- 
o0  per  cent  CP  265°C  carbide.  At  the  end  of  5  hr,  chiefly  CP  265°C 
carbide  was  present  and  very  little  magnetite.  After  25  and  62  hr  no 
additional  changa  in  the  product  was  observed.  Similarly,  when  pre- 
treatment  was  done  with  water  gas  (ICO  +  1H,)  for  25  hr  at  325°C 

‘T  a  Spfe  Ve'°City  °f  8  '  per  40  cc  catalyst  Per  hr,  the  CP 
t  Pr6f  °m,n\ted-  Tllis  cata'yst  showed  a  contraction  of  49 
I  ent  within  o  days,  when  taken  into  synthesis  at  215°C  and  12  atm 

The  presence  of  a  small  amount  of  another  carbide  was  also  detected 


146  L. 
(1949). 


J.  E.  Hofer,  E.  M.  Cohn,  and  W.  C. 


146  G.  Hagg,  Z.  Krist.,  89,  92-4  (1934). 

147  F.I.A.T.  Reel  116-X,  Frames  1,673-83. 


Peebles,  J.  Am.  Chem.  Soc.,  71,  189-95 


Development  of  Fischer -Tropsch  Catalysts 


at  KWI  in  the  lOOFe.  lCu:  1.5K2C03  catalyst  carburized  as  described 
above  with  CO  or  ICO  +  1H2.  This  additional  carbide  was  observed 
in  significant  quantity  when  a  sample  of  the  same  catalyst  was  reduced 
with  hydrogen  at  250°  C  for  240  hr  at  a  space  velocity  of  1  1  per  40  cc 
(20  g)  Fe  per  hr  and  then  carburized  with  CO  at  220°C  for  219  hr.  Ther- 
momagnetic  analysis  showed  that  this  catalyst  contained,  in  addition  to 
the  CP  265° C  carbide,  a  carbide  whose  Curie  Point  was  380°C.  The 


identity  of  the  CP  380°C  carbide  with  that  of  the  hexagonal  close- 
packed  carbide  (Fe2C)  reported  by  Halle  and  Herbst 148  was  established 
in  the  U.  S.  Bureau  of  Mines  laboratory.145  Similarly,  a  KWI  catalyst  of 
composition  lOOFe: lCu :0.25K2CO3  produced  largely  the  CP  380°  C 
phase  when  carburized  at  205° C.  X-ray  studies  in  the  I.G.  Oppau  am¬ 
monia  laboratory  110  showed  the  presence  of  the  hexagonal  iron  carbide, 
Fe2C,  in  Fe-Cu-Al203-K20  and  Fe-Cu-MgO-K2G  precipitated  catalysts 
that  had  been  carburized  for  several  hours  at  240°C  with  CO-H2  mixture 
or  at  220° C  with  CO  alone.  Detailed  analysis  of  the  lines  showed  a 
hexagonal  lattice  (lattice  constants,  a  =  2.8,  c  =  4.6,  c/a  =  1.63)  whose 
similarity  with  that  of  iron  nitride,  Fe2N  ( a  =  2.7,  c  =  4.4,  c/a  =  1.62), 
indicated  the  existence  of  the  hexagonal  iron  carbide,  Fe2C.  The  hexag¬ 
onal  iron  carbide  was  also  identified  in  a  U.  S.  Bureau  of  Mines  precipi¬ 
tated  iron  catalyst,  lOOFe:  10Cu:0.32K20,  which  had  been  reduced  in 
hydrogen  at  220° C  and  then  carburized  with  carbon  monoxide  at 


188°C.145 


Thermomagnetic  analysis  of  a  catalyst  of  which  the  composition  was 
75Fe+2:25Fe+3:20Cu:  1.5K2C03  was  reported  by  Pichler  and  Merkel.110 
After  pretreatment  at  atmospheric  pressure  of  ICO  -f-  2H2  gas  at  an 
hourly  space  velocity  of  500  and  a  temperature  of  225°  C,  it  was  observed 
that  both  the  CP  265°C  and  CP  380°C  carbides  were  present  in  the 
catalyst.  Another  sample  of  this  catalyst,  pretreated  under  the  same 
conditions  and  then  used  in  synthesis  for  2  days  at  220° C,  atmospheric 
pressure  of  water  gas,  and  an  hourly  space  velocity  of  100,  showed  an 
increase  in  the  content  of  the  CP  380°  C  phase,  so  that  the  two  carbides 
were  present  in  a  1 : 1  ratio.  X-ray  studies  were  made  at  the  I.G.  Farben. 
ammonia  laboratory  at  Oppau  on  a  sample  of  used  (in  the  Fischei- 
Tropsch  synthesis)  synol  catalyst,  identified  as  WK  17  and  containing 
by  analysis  86.62  per  cent  Fe,  3.42  A1203,  0.44  K,  and  2.58  C  a.  The  hex¬ 
agonal  iron  carbide  (Halle  and  Herbst  carbide)  and  a  small  amount  of 

Hiigg  carbide  were  observed  to  be  present.148 

Pichler  and  Merkel  110  were  of  the  opinion  that  the  hexagonal  carbide 
was  characteristic  of  a  catalyst  suitable  for  synthesis  at  atmsopheric 

148  T.O.M.  Reel  26,  Rag  2,463,  Group  Leader  Conference,  Ludwigshafen;  T.O.M. 
Reel  134,  Item  II.  10,  Report  by  Dr.  Wenzel. 
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pressure  and  that  the  formation  of  the  hexagonal  carbide  was  favored 
by  pretreatment  with  hydrogen,  carburization  at  low  temperatuies,  and 
the  presence  of  copper.  However,  copper  was  not  present  in  the  synol 
catalyst  (Table  84),  which  contained  hexagonal  carbide.  Tt  was  Halle’s 
opinion  148  that  the  hexagonal  carbide  was  unstable  at  temperatures 
above  about  300°C  and  that,  consequently,  pretreatment  at  higher  tem¬ 
peratures  produced  Hagg  carbide.  Rapid  thermomagnetic  measure¬ 
ments  made  at  the  U.  S.  Bureau  of  Mines  145  showed  that  the  hexagonal 
carbide  (CP  380°C)  was  converted  at  380°C  to  the  Hagg  carbide  (CP 
247°C).  The  Hagg  carbide  was  decomposed  at  a  high  temperature 
(580°C)  to  cementite  and  free  carbon,  according  to  the  equation: 


3Fe2C  2Fe3C  +  C 

Hagg  carbide  cementite  free  carbon 

The  presence  of  copper  increased  the  temperature  above  which  the 
hexagonal  carbide  decomposed;  this  temperature  was  increased  by  50° C 
when  the  copper  content  was  2-3  per  cent  and  by  100°C  when  the  copper 
content  was  7  per  cent.148  However,  the  work  of  Hofer,  Cohn,  and 
Peebles  145  led  them  to  believe  that  the  hexagonal  carbide  may  have  been 
present  in  other  copper-free  catalysts  reported  in  the  literature,  but  that 
it  was  not  recognized.  Hexagonal  carbide  has  not  been  found  in  fused 
catalysts  used  in  synthesis  tests  at  the  U.  S.  Bureau  of  Mines.  In  test 
X-194  149  fused  synthetic-ammonia-type  catalyst  D-3001  (6-8  mesh)  was 
reduced  with  hydrogen  at  1  atm,  an  hourly  space  velocity  of  2,500  for 
40  hr  at  450°C.  It  was  tested  in  the  synthesis  with  1H2  -f  ICO  gas  at 
7  atm  for  1,875  hr  at  an  average  temperature  of  257°C.  Samples  re¬ 
moved  periodically  and  subjected  to  x-ray  and  thermomagnetic  analysis 
showed  that  metallic  iron  was  rapidly  converted  to  Hagg  carbide  in  the 
first  lew  days  of  the  synthesis,  the  carbide  content  reaching  a  maximum 
oi  30  per  cent  iron  as  Hagg  carbide  at  200  hr.  In  subsequent  testing  at 
this  temperature  the  iron  as  Hagg  carbide  decreased  slowly  to  20.5  per 
cent  at  1,875  hr.  Magnetite  was  formed  at  a  slower  rate  than  carbide- 
owever,  in  the  course  of  the  experiment  the  magnetite  eventually  in¬ 
creased  to  40  per  cent  iron  as  magnetite.  After  1 ,875  hr,  the  temperature 
was  raised,  and  the  composition  began  to  change  so  that  in  the  last 

Prtdh  a‘  -  .«*“  ^  Hagg  carbide  had  been 

plugged.’  S  per'°d  the  converter  was  found  to  be 

de^thdlX“V54C9.niqUe’  !n  WhiCh  eata'yStS  ”e  nitrided-  - 

149  R.  B.  Anderson,  L.  J.  E  Hofer  F  m  n,.i  ,  T.  „ 

Soc.,  in  press.  '  ’  '  M ‘  C  hn>  and  B-  Seaman,  J.  Am.  Chem. 
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Reactivation  of  Iron  Catalysts 

Figure  47  shows  the  reactivating  effect  of  hydrogen  upon  a  compara¬ 
tively  poor  KWI  precipitated  catalyst  taken  into  synthesis  at  235° C  and 
15  atm  of  3CO  +  2H2  gas,  at  a  flow  rate  of  4  1  per  hr.102  A  contraction 
of  50  per  cent  was  obtained  for  2  days  and  47  per  cent  on  the  third  day. 
The  dotted  portion  of  the  curve  shows  that  the  contraction  would  have 


Figure  3-47.  Influence  of  H2  on  the  activity  of  precipitated  iron  catalyst  in  the 
medium-pressure  synthesis  (KWI).  Reproduced  from  reference  102. 

dropped  to  40  per  cent  by  the  end  of  7  days.  However,  on  the  third  day, 
the  catalyst  was  treated  with  hydrogen  for  15  hr  at  8  1  per  hr,  atmos¬ 
pheric  pressure,  and  325° C.  Subsequently,  reactivation  twice  more  at 
intervals  during  the  test  permitted  operation  of  the  catalyst  at  235°  C 
for  more  than  2  months.  Reactivation  by  this  procedure  was  reported 
to  be  ineffective  if  the  catalyst  had  been  in  operation  a  long  time  or  it 
the  contraction  had  dropped  below  45  per  cent. 

The  effect  of  reactivation  of  iron-copper  decomposition  catalysts  by 
using  ammonia  in  the  water  gas  was  reported  by  Fischer  7  to  be  only 
temporary;  it  appeared  to  increase  gaseous  hydrocarbon  production. 
When  synthesis  was  carried  out  with  ammonia  in  the  water  gas  (up  to 
1 .5  volume  per  cent)  oil  production  decreased. 


Schwarzheide  Tests 
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A  sharp  curtailment  in  the  German  cobalt  supply,  most  of  which  was 
imported  from  the  Belgian  Congo,  was  caused  by  the  outbreak  of  World 
War  II.  This  situation  resulted  in  an  intensification  of  the  research  on 
iron  catalysts  which  was  in  progress  in  six  different  organizations— 
Kaiser  Wilhelm  Institut  fiir  Kohlenforschung  (KWI),  Lurgi,  Ruhr- 
chemie,  Rheinpreussen,  I.G.  Farbenindustrie,  and  Brabag — each  trying 
to  develop  the  “best”  catalyst.  When  the  cobalt  shortage  became  acute, 
it  became  necessary  to  modify  the  objective  from  the  development  of  a 
catalyst  for  use  in  projected  new  plants  to  one  that  could  be  substituted 
for  cobalt  in  the  existing  medium-pressure  plants.  Because  of  the  wide 
differences  in  research  on  iron  catalysts  conducted  by  the  six  companies, 
it  is  not  surprising  that  the  Reichsamt  fiir  Wirtschaftsausbau  had  diffi¬ 
culty  in  deciding  which  was  the  most  promising  catalyst  with  which  to 
replace  cobalt  in  the  commercial  plants.  Consequently,  the  Reichsamt 
arranged  a  comparative  experiment,  the  “Reichsamtversuch,”  at  the 
Braunkohle-Benzin  A.G.  plant  in  Schwarzheide-Ruhland.  In  these 
tests,  which  started  in  September  1943  and  lasted  for  3  months,  the 
“best”  catalyst  submitted  by  each  organization  was  tested  simultane¬ 
ously  with  the  others.29 


Each  catalyst  in  the  Reichsamtversuch  comparative  test  was  oper¬ 
ated  in  a  pilot-plant  unit  which  had  a  catalyst  capacity  of  5  1  and  con¬ 
sisted  of  a  single  tube  of  the  standard  middle-pressure  reactor,  as  built 
by  Gutenhoffnungshutte.  The  annular  layer  of  catalyst  had  a  diameter 
of  24  mm  I.D.,  44  mm  O.D.,  and  a  depth  of  5  m.  The  tube  was  water- 
jacketed,  with  a  vapor  chamber  connected  to  the  top,  by  means  of  which 
the  steam  temperature  could  be  controlled  to  give  the  desired  synthesis 
temperature.  A  description  of  the  catalysts  tested  and  of  the  results 
obtained  is  presented  in  the  following  pages.  The  characteristics  neces¬ 
sary  for  successful  operation  on  the  large  scale  were  (1)  high  degree  of 
conversion  to  non-gaseous  products  with  a  low  degree  of  gas  production 

7“y  <2>  H-C0  »»  ™tio  closely  approaching  the 

ST?  t°  th4ev  process  «as’  t0  Permit  satisfactory  operation  of  fur- 
the,  stages  of  synthes, s;  (3)  high  yield  of  the  desired  products  per  unit 

ueigit  of  catalyst;  and  (4)  catalyst  stability.  These  characteristics 
^notdenronstrated  by  any  of  the  catalysts  and  the  results  “ 
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Catalysts 

1  he  compositions  of  the  catalysts  submitted  by  each  of  the  six  organi¬ 
zations  for  the  cooperative  tests  are  shown  in  Table  85.29-150  The  KWI 


I  able  85.  Catalysts  Used  in  Cooperative  Tests  at  Schwarzheide 


Parts  per  100  Parts  of  Iron 

Apparent 
Density, 
g  per  cc 

Company 

Copper 

(Zinc) 

[Other] 

K0CO3 

Carrier 

Reduction  (Induction) 

Kaiser  Wilhelm  Insti- 
tut  fur  Kohlen- 
forschung 

1 

0.75 

None 

1.02 

Water  gas,  325°C,  0.1  atm, 
24  hr 

Lurgi 

10 

[OAl.Osl 

2  ° 

30SiO2 

0.79 

H2,  280°C,  30  per  cent 
reduction 

Brabag 

20 

(20) 

1 

None 

1.37 

Water  gas,  235°-240°C, 
48  hr 

I.G.  Farben.*’ 

2.27 

H2,  500 °C 

Ruhrchemie 

5 

[lOCeOj] 

.... 

50  kieselguhr 

0.44 

H2i  300 °C 

Rheinpreussen 

7.5 

2 

50-65  powdered 
dolomite 

0.68 

H2,  300o-400°C  (water 

gas,  245°C) 

°  K2O.  b  Contained  AI2O3  -f  CaFo  +  K2O. 


catalyst  was  precipitated  from  a  warm  nitrate  solution  (60°-70°C), 
containing  ferrous  and  ferric  ions  in  a  ratio  of  approximately  1 1 1  and 
1  per  cent  copper,  by  a  boiling  solution  of  sodium  carbonate.32  The  slurry 
was  heated  to  100°C  for  a  few  minutes,  then  filtered,  and  washed  with 
hot  distilled  water  until  free  from  alkali.  A  paste  was  made  with  dis¬ 
tilled  water,  and  a  solution  of  potassium  carbonate  was  mixed  with  the 
paste.  The  first  catalyst,  containing  0.25  per  cent  K2C03,  based  on  the 
iron,  gave  too  much  liquid  and  gaseous  products  because  the  expeii- 
mental  reactor  used  at  Schwarzheide  had  an  annular  space  widei  than 
those  usually  employed  at  the  KWI.29  This  difficulty  was  overcome  by 
increasing  the  alkali  content  in  the  second  catalyst  to  0.75  per  cent 
K2C03.  The  paste  was  thickened  on  a  water  bath  and  dried  at  110°C 
for  24  hr.  The  dried  pieces  were  broken  into  2-4-mm  granules,  which 
were  pretreated  by  the  passage  of  0.1  atm  of  water  gas  at  325°C  for  24 
hr  (4  1  gas,  based  on  1  atm,  per  10  g  Fe  per  hr).  The  strongly  pyrophoric 
catalyst  was  then  soaked  in  paraffin  wax  to  protect  it  from  oxidation  and 
put  into  the  converter  with  as  little  contact  with  air  as  possible.  At  the 
beginning  of  the  synthesis,  the  catalyst  was  very  active  at  185°-190  C. 

150T.O.M.  Reel  134,  Section  IB,  Item  24. 
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Results  of  I'ests 

In  order  to  maintain  a  high  conversion  throughout  the  3-month  test, 
the  temperature  was  raised  gradually  from  195  to  224  C,  most  of  the 
operation  being  conducted  between  215  and  220  C  . 

Preparation  of  the  Lurgi  catalyst  is  the  same  as  that  described  on  p 
270  of  this  chapter.  The  alkali  silicate  in  the  Lurgi  catalyst,  ie,  K20  + 
equivalent  amount  of  silica,  was  thought  to  be  responsible  for  the 
mechanical  strength  of  the  catalyst  and  its  long  life.  During  the  90-day 
run  at  Schwarzheide,  the  temperature  had  to  be  raised  only  2°,  from  216° 
to  218°C,  to  maintain  activity.29  Later  tests  showed  that  the  use  ratio 
of  H2:CO  could  be  improved  from  0.7  (without  recirculation  or  1.0  with 
recirculation)  to  1.3  by  increasing  the  copper  content  to  25  per  cent.29 
The  Brabag  catalyst  was  a  normal  precipitated  preparation,  made  from 
the  nitrates  and  sodium  carbonate.29,39  The  first  of  these  used  in  the 
Reichsamtversuch  was  too  soft  and  disintegrated,  probably  because  of 
insufficient  pretreatment.  The  second  attempt  was  spoiled  because  the 
temperature  was  increased  too  rapidly  and  deposition  of  carbon  occurred. 
The  third  catalyst  was  successful.  The  I.G.  Farben.  (Luchvigshafen) 
catalyst  was  a  fused  Fe-Al203-CaF2-K20  preparation,  probably  reduced 
in  hydrogen  at  a  high  space  velocity  and  temperature  of  500°C.29, 70  The 
calcium  fluoride  was  added  to  increase  the  production  of  light  hydro¬ 
carbons,  while  operating  at  a  low  temperature.  It  is  of  interest  to  note 
that  such  a  catalyst  was  just  as  active  as  the  other  catalysts  used  in  the 
Reichsamtversuch,  all  of  which  were  made  by  precipitation  and  pre¬ 
treatment  under  carefully  controlled  conditions.  The  Ruhrchemie  cata¬ 
lyst,35  which  was  precipitated  on  kieselguhr,  was  probably  prepared  by  a 
procedure  similar  to  that  described  on  p  263,  this  chapter.  Rhein- 
pieussen  s  catalyst  was  a  less  effective  catalyst  of  the  type  whose  prepara¬ 
tion  is  described  on  p  268,  this  chapter.29, 32,38,39  The  Rheinpreussen 

catalyst  encountered  “coking”  difficulties  and  had  to  be  renewed  four 
times. 


Results  of  Tests 

Because  the  objective  was  to  replace  cobalt  catalysts  in  existing  plants, 
the  highest  permissible  temperature  in  these  tests  was  225°C  and  the 
operating  pressure  was  10  atm  of  1.25H2  +  ICO  gas  (containing  12  per 
cent  inert  gas).  The  analysis  of  the  synthesis  gas  showed  that  it  con¬ 
tained  6.2  volume  per  cent  C02,  39.2  CO,  48.8  H2,  2.6  CH4,  and  3.2  No. 

emperature  and  space  velocity  were  independently  varied  by  each 
operator  to  secure  optimum  yields  and  durability.  '  At  the  end  of  2 

"r  f  ''“r  at°Ut  200°C'  Space  velot'i,ies  ^  the 
lange  lOo  1 10  volumes  of  synthesis  gas  per  volume  of  catalyst  per  hour 

the  performance  data  and  product  distribution  for  each  of  the  six 
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Table  86.  Cooperative  Tests  on  Iron  Catalysts  at  Schwarzheide 

[10  atm,  200°-225°C;  synthesis  gas  was  88  per  cent  ICO  +  1.25H2  and  12  per  cent 
ineits.  bpace  velocity  was  volumes  (NTP)  of  feed  gas  per  volume  of  catalyst 

per  hour.] 


KWI 

Lurgi 

Bra  bag 

I.G. 

Farben. 

Ruhr- 

chemie 

Rhein- 

preussen 

Space  velocity 

109 

107 

111 

115 

104 

104 

CO  converted,  per  cent 
CO  +  II2  converted, 

85 

88 

77 

81 

70 

62 

per  cent 

69 

65 

58 

63 

54 

57 

Use  ratio,  CO:H2 
Maximum  yield,  g  per 

0.80 

0.66 

0.69 

0.74 

0.72 

1.07 

cu  111  ° 

147 

142 

141 

144 

147 

168 

Average  yield,  g  per 

CU  111  ° 

125 

124 

108 

117 

103 

104 

Average  yield,  tons  per 
day 

C5+,  kg  per  hr  per  cu 

3.26 

3.19 

2.88 

3.23 

2.57 

2.60 

m  of  catalyst 

10.9 

11.6 

10.8 

10.9 

8.8 

8.5 

°  Grams  per  cubic  meter  CO  +  H2  gas. 


Table  87.  Cooperative  Tests  on  Iron  Catalysts  at  Schwarzheide,  Product 

Distribution  in  Weight  Per  Cent 

(Figures  in  parentheses  are  percentage  of  olefins  in  the  fraction.) 


KWI 

Lurgi 

Brabag 

I.G. 

Farben. 

Ruhr- 

ehemie 

Rhein- 

preussen 

Wax 

18.1 

35.2 

43.0 

21.0 

25.6 

13.1 

(olefins) 

(2) 

(13) 

(ID 

(12) 

(8) 

(2) 

Diesel,  Cn-Cis 

14.2 

13.2 

16.3 

11.2 

12.8 

13.5 

(olefins) 

(15) 

(39) 

(47) 

(45) 

(23) 

(19) 

Gasoline,  C&-C10 

25.0 

19.4 

17.6 

25.4 

22.2 

29.6 

(olefins) 

C3  +  C4 
(olefins) 

C2H4 

c2h6 

ch4 

Cl  +  c2  +  C3  alcohols 

(48) 

19.8 

(53) 

0.9 

7.8 

8.0 

6.1 

(51) 

12.2 

(66) 

2.7 

2.6 

5.6 

9.1 

(67) 

10.6 

(76) 

2.2 

2.3 

3.8 

4.2 

(59) 

18.6 

(71) 

2.8 

4.9 

9.0 

7.1 

(44) 

14.5 

(62) 

2.2 

4.4 

7.0 

11.3 

(48) 

21.5 

(53) 

0.7 

8.1 

8.1 

5.4 
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catalysts  are  summarized  in  Tables  86  and  87,  respectively,  and  in 
Figure  48.32-38-39-150  The  highest  wax  yields  (see  Table  86  and  Figure  48) 
were  obtained  from  the  Lurgi  and  Brabag  catalysts,  whereas  the  Rhein- 
preussen  catalyst  had  the  lowest  yield  of  wax.  The  Diesel  oil  yield  was 
lower  than  the  gasoline  yield  for  all  the  catalysts. 

None  of  the  catalysts  tested  combined  all  the  features  desired,  and  the 
order  of  merit  in  which  the  catalysts  are  placed  depends  on  the  par- 
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Figure  3-48.  Cooperative  tests  on  iron  catalysts  at  Schwarzheide  =  =  Olefins 
OH  =  Alcohols,  OR  =  Esters,  KWI  =  Kaiser  Wilhelm  Institute,  L  =  Lurgi,  B  =’ 
Brabag,  I.G.  =  I.G.  Farben,  Rch  =  Ruhrchemie,  Rhp  =  Rheinpreussen.  Repro¬ 
duced  by  permission  from  Chem.  Eng.  Progress,  44,  472  (1948). 

ticular  feature  used  as  criterion.  It  is  obvious  that  catalysts  for  large- 
scale  use  must  be  reasonably  consistent  in  behavior;  in  this  connection 
it  is  important  to  note  that  only  the  Lurgi,  I.G.  Farben.,  and  Ruhr¬ 
chemie  catalysts  operated  90  days  with  one  filling  of  catalyst.  A  second 

fZ  TT'T?  T  Sta,'ted’  Which  had  as  its  objective  the  investiga¬ 
tion  of  the  effect  of  recirculation."  The  Ruhrchemie  catalyst  had  the 
composition  100Fe:5Cu:  10CaO:50  kieselguhr,  containing  270  g  Fe  per 
I  of  catalyst  Only  one  other  firm,  which  Roelen  ss  thought  was  I  G 

afterTvihr  *COnd  ^^mtversuch ;  it  was  cut  short 

Ruthenium  Catalyst  Studies 

y  (  938  1941)'  The  Proce®  ■»  mostly  of  theoretical  interest 
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because  oi  the  high  cost  of  ruthenium  and  the  small  commercial  demand 
tor  the  very  high-molecular- weight  paraffins  produced  by  synthesis 
over  ruthenium.  Investigation  was  not  carried  out  beyond  the  labora¬ 
tory  stage.32’38,39 

PREPARATION 

The  catalyst  was  prepared  in  a  silver  crucible  by  melting  commercial 
ruthenium  powder  with  potassium  hydroxide  and  potassium  nitrate  in 
the  proportions  of  1  part  ruthenium  to  10  KOH  and  1  IvN03.  The  po¬ 
tassium  nitrate  was  added  in  small  portions.  Fusion  was  complete 
within  2  hr.  After  cooling,  the  fused  mass  was  dissolved  in  water;  a  deep 
red  solution  of  potassium  ruthenate  resulted,  which  was  heated  to  boiling. 
Dropwise  addition  of  methyl  alcohol  precipitated  ruthenium  dioxide 
(Ru02),  which  was  filtered  on  a  fritted  glass  plate  and  washed,  first  with 
water  acidified  with  nitric  acid  and  then  with  distilled  water.  The  filter 
cake  was  dried  at  110°C.  The  oxide  was  reduced  with  2H2  +  ICO  gas 
at  atmospheric  pressure  and  150°C.  Other  methods  of  preparation  were 
possible,  but  it  was  essential  that  ruthenium  be  present  in  as  great  dis¬ 
persion  as  possible.  Carriers,  such  as  kieselguhr,  and  added  alkali  were 
apparently  without  effect. 


PROCESS  CONDITIONS 

Optimum  synthesis  conditions  were  195°C  and  100  atm  of  2H2  +  ICO 
gas  passed  at  a  rate  of  1  1  per  g  Ru  per  hr.  The  average  yield  from  one- 
stage  operation  under  these  conditions  was  reported  to  be  100  g  of  solid 
paraffin  and  50  g  of  oil  per  cu  m  of  2H2  +  ICO  gas.  Methane  produc¬ 
tion  was  very  small.  After  500  days,  when  the  temperature  had  been 
raised  to  215°C,  the  yield  was  140  g  per  cu  m.  The  ruthenium  catalyst 
was,  however,  even  more  susceptible  to  poisoning  by  sulfur  than  cobalt 

catalysts.  .  , 

The  yield  increased  with  pressure  and  decreased  with  temperature. 

At  pressures  below  10  atm  and  temperatures  of  200°  or  lower  no  ap- 
preciable  conversion  of  CO  +  H,  to  higher  hydrocarbons  resulted.  Fig¬ 
ure  49  shows  the  results  obtained  by  Pichler  and  Buffleb  m  experi¬ 
ments  at  pressures  from  15  to  1,000  atm  and  at  a  temperature  of  180  C. 
Three  grams  of  ruthenium  catalyst  was  used,  and  the  flow  of  2H2  + 
ICO  synthesis  gas  was  so  adjusted  that  1  1  of  effluent  gas  was  obtained 
per  h/  The  throughputs  of  2H2  +  ICO  (calculated  from  the  nitrogen 
pon tents  of  the  ingoing  and  effluent  gases)  were  1.08,  1.1b,  l.tSi,  t.o  , 
5“  Ind  5  20  1  per  hr  per  3  g  Hu  for  15,  30,  50,  100,  180,  and  1,000  atm, 

..I  H.  Pichler  and  H.  Buffleb,  Brennstoff-Chem.,  21,  257-64,  273-80,  285-8  (1040). 


Products 
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Figure  3-49.  5  ield  and  character  of  products  at  180°C  and  various  pressures,  with 
ruthenium  catalyst.  Reproduced  from  reference  151. 


respectively.  1  he  conversion  to  hydrocarbon  increased  rapidly  with 
increasing  pressure  up  to  about  300  atm  and  more  slowly  above  this 
pressure. 


PRODUCTS 

At  all  pressures,  solid  paraffinic  hydrocarbons  constituted  at  least  60 
per  cent  j)f  the  total  yield  of  liquid  +  solid  hydrocarbons.  At  1 ,000  atm 
and  180°C,  5/  per  cent  of  the  carbon  monoxide  was  converted  to  solid 
paraffin  wax  and  the  latter  was  71  per  cent  of  the  liquid  +  solid  product. 
The  fraction  of  gaseous  hydrocarbons  in  the  products  was  approxi¬ 
mately  25  per  cent  for  all  pressures.  It  is  interesting  to  note  that 
whereas  for  a  cobalt  catalyst  about  95  per  cent  conversion  was  reached 

at  lo  atm,  for  a  ruthenium  catalyst  95  per  cent  conversion  necessitated 
a  pressure  of  about  300  atm. 

\\  axes  from  the  ruthenium  synthesis  melted  in  the  range  50°-135°C 
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and  had  molecular  weights  as  high  as  23,000.  Sixty-five  per  cent  of  the 
product  obtained  at  100  atm  pressure  was  snow-white  wax  in  the  crude 
state,  melting  at  118°-120°C.  Solvent  extraction  of  the  solid  product 
obtained  at  1,000  atm  pressure  resulted  in  the  fractions  described  in 
Table  88.  One-third  of  the  product  had  an  average  melting  range  of 
51°-57°C;  14-17  per  cent,  92.5°-95°C;  and  approximately  50  per  cent, 
above  120°C. 


Table  88. 


Solvent  Extraction  of  Wax  from  Ruthenium  Synthesis  at  1,000 

atm  “ 


Extraction  Conditions 

Melting 

Range, 

°C 

Physical  Properties 

Solvent 

Tem¬ 

pera¬ 

ture, 

°C 

Per 

Cent 

Soluble 

Density 

Av. 

Molecular 

Weight 

Viscosity, 

Centistokes 

20°C 

150°C 

150°C 

180°C 

n-Pentane 

34 

30-33 

51-57 

n-Hexane 

68 

14-17 

92-95 

0.765 

760 

6 

4 

Product  fraction 

90 

14-16 

121-122 

0.966 

0.778 

1,750 

29 

17 

n-Heptane 

98 

20-25 

129-130 

0.978 

0.783 

6,750 

870 

410 

Product  fraction 

121 

12-15 

132-134 

0.980 

0.786 

23,000 

35,600 

15,800 

a  Reference  32. 


Poisoning  Effect  of  Sulfur 


All  the  catalysts  used  in  the  synthesis  of  higher  hydrocarbons  from 
hydrogen  and  carbon  monoxide  are  very  readily  poisoned  by  sulfur. 
Thus,  the  activity  of  precipitated  nickel-manganese-thoria  and  nickel- 
manganese-kieselguhr  catalysts  was  reduced  50  per  cent  by  17  and  135 
mg,  respectively,  of  hydrogen  sulfide  per  g  of  nickel.  The  reported 
tolerance  for  carbon  disulfide  of  the  same  catalysts  is  much  larger  than 
that  for  hydrogen  sulfide.152  A  similar  report  of  a  large  tolerance  for 
organic  sulfur  as  compared  with  hydrogen  sulfide  was  given  by  King  and 
Myddleton 153  for  precipitated  cobalt-thoria-kieselguhr  (100:18:100) 
catalyst.  When  carbon  disulfide  was  added  to  the  feed  gas  over  a  period 
of  4  days  to  an  extent  corresponding  to  33  mg  of  sulfur  per  cc  of  catalyst, 
it  was  necessary  to  raise  the  temperature  progressively  from  185°  to 
210°C.  King  stated  that  at  the  space  velocity  used  (190  volumes  per 
volume  of  catalyst  per  hour)  the  degree  of  fouling  corresponded  to  about 


162  K.  Fujimura,  S.  Tsuneoka,  and  K.  Kawamichi,  J.  Soc.  Chem.  Ind.  Japan,  37, 

Sunpl.  Binding,  395-400  (1934).  .  _  ,  -  , 

163*  j  G.  King,  J.  Inst.  Fuel,  11,  484-5  (1938);  W.  W.  Myddleton,  J.  Inst.  Fuel,  11, 

477-84  (1938). 
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Table  89.  Effect  of  Sulfur  (30  o  S  per  100  cu  m)  in  the  Synthesis  Gas 
(Ni-Co-Si  skeletal  catalyst,  4  1  synthesis  gas  per  5  g  catalyst  per  hr.) 


Test 

Period 

Reactiva¬ 
tion 
Treat¬ 
ment  of 
Catalyst,0 
hr 

Cumula¬ 

tive 

Time  in 
Test 
Period, 
hr 

Age 

of 

Cata¬ 

lyst, 

hr 

Amount 
of  S 
Added, 
mg  per  g 
Ni  +  Co 

Contrac¬ 
tion, 
per  cent 

Yield,6  cc  per  cu  m 
2H2  +  ICO 

Gaso¬ 

line 

Diesel 

Oil 

Total 

1 

None 

1 

57 

27 

5.5 

39 

36 

40 

76 

47 

47 

11.3 

29 

2 

0.5 

3 

53 

27 

18.5 

32 

26 

29 

55 

48 

95 

22.8 

27 

3 

2 

1 

51 

22 

27 

25 

15 

40 

40 

135 

32.4 

15 

4 

16  c 

1 

14 

47 

182 

43.7 

9 

9 

6 

15 

5 

2 

2 

18 

44 

8 

93 

6 

165 

4 

334 

516 

123.8 

1.5 

6 

16 

1 

517 

124.3 

3 

°  Boiled  in  sodium  hydroxide. 

b  \  ield  was  90  cc  when  pure  synthesis  gas  was  used. 

r  Extracted  with  Iischer-Tropsch  gasoline  fraction. 

% 


10  years’  working  at  the  concentration  of  sulfur  (2  mg  per  cu  m)  usually 
accepted  as  the  highest  permissible.  Fischer  and  Meyer  154  reported  a 
rapid  deactivation  of  mckel-cobalt-silica  skeletal  catalyst  in  the  presence 
o  unpurified  synthesis  gas  containing  about  30  g  of  sulfur  per  100  cu  m 

a  w  o,  UTal  .Tf ti0nS’ thG  Hquid  ^^carbon  yield  decreased 
about  25  per  cent  in  1,  days;  in  the  presence  of  the  sulfur-containing 

yn thesis  gas,  the  yield  decreased  23  per  cent  in  2  days.  From  the  data 
1  F.  Fischer  and  K.  Meyer,  Brennstoff-Chem.,  15,  107-10  (1934). 
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summarized  in  Table  89,  it  was  calculated  that  the  yield  was  decreased 

39  per  cent  by  18.5  mg  sulfur  per  g  of  nickel  plus  cobalt  in  the  catalyst 
(ie,  in  3  days). 

Fujimura  and  his  coworkers  152  reported  that  the  initial  effect  of  small 
amounts  of  hydrogen  sulfide  was  to  increase  the  catalyst  (nickel-man¬ 
ganese)  activity.  This  was  confirmed  by  Herington  and  Woodward  155 
for  cobalt-thoria-kieselguhr  (100:18:100)  catalysts.  Hydrogen  sulfide 
was  mixed  with  the  synthesis  gas  in  small  measured  batches.  No  hy¬ 
drogen  sulfide  was  eliminated  in  the  off  gas  during  the  course  of  the 
sulfur-poisoning  experiments.  The  results  are  given  in  Table  90.  The 

Table  90.  Effect  of  Hydrogen  Sulfide  on  Yield  ° 


Ratio  of  Hydrocarbon  Yield 
to  Corresponding  Yield 
before  Addition  of  Sulfur 


Amount  of 
Sulfur  Added, 

Catalyst 

Temperature, 

Condensed 

Hydrocarbons 
in  Off  Gas, 

mg  per  g  catalyst 

°C 

Oil 

C1.7H5.7 

0 

183 

1.0 

1.0 

0.67 

183 

2.3 

1.0 

3.50 

183 

2.1 

0.8 

7.94 

183 

0.5 

7.94 

195 

2.0 

1.3 

13.4 

195 

1.5 

33.5 

207 

1.2 

2.1 

°  Reference  155. 

first  additions  of  sulfur  caused  a  marked  increase  in  the  yield  of  liquid 
hydrocarbons  at  constant  reaction  temperature.  There  was,  however, 
an  immediate  falling  off  in  the  yield  of  gaseous  hydrocarbons.  The  total 
hydrocarbon  yield  increased  until  more  than  8  mg  of  sulfur  had  been 
added  to  each  gram  of  catalyst.  Further  additions  of  hydrogen  sulfide 
caused  a  drop  in  total  hydrocarbon  yield,  but,  as  shown  in  Table  90, 
this  could  be  offset  by  raising  the  reaction  temperature  rather  more 
rapidly  than  would  normally  be  necessary  in  the  absence  of  hydrogen 
sulfide.  The  higher  temperatures  favored  the  production  of  lighter  hy¬ 
drocarbons,  but  even  so,  after  the  addition  of  as  much  as  33.5  mg  of 
sulfur  per  g  of  catalyst,  the  yield  of  liquid  hydrocarbons  was  still  20  per 
cent  greater  than  before  the  addition  of  sulfur.  Further  additions  of 
sulfur  resulted  in  a  continuous  decrease  in  activity  until  complete  poison¬ 
ing  was  reached. 

156  E.  F.  G.  Herington  and  L.  A.  Woodward,  Trans.  Faraday  Soc.,  35,  958-67  (1939). 
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Summary 

Contrary  to  the  above  observations  on  the  poisoning  effect  of  sulfur  in 
the  Fischer-Tropsch  synthesis  is  a  patent  published  in  1949  describing 
an  operation  with  a  catalyst  containing  sulfur.156  At  530  F,  200  psig  of 
2Ho  +  ICO,  and  a  space  velocity  of  183,  a  molybdenum  disulfide  cata¬ 
lyst  alkalized  with  2-3  per  cent,  of  KOH  produced  69  per  cent  conversion 
of  CO,  of  which  30  per  cent  was  converted  to  C3  +  hydrocarbons  and 
organic  oxygenated  compounds.  The  product  was  \o\x  boiling ;  fractional 
distillation  of  the  liquid  products  resulted  in  the  following  values,  in 
mole  per  cent:  1  C3,  11  C4,  22  C5,  22  40-57°C,  29  57-67  C,  4  71-85  C, 
and  11  >85°C. 


Summary 

The  first  Fischer-Tropsch  catalyst  was  reported  by  Fischer  in  1925. 
It  was  prepared  by  reduction  at  400°C  of  a  mixture  of  equal  parts  by 
weight  of  commercial  iron  oxide  (obtained  from  the  oxalate)  and  zinc 
oxide.  The  latter  component,  a  difficultly  reducible  compound,  was  in¬ 
corporated  into  the  catalyst  to  prevent  sintering  of  the  active  con¬ 
stituent  during  reduction.  Hydrocarbons  of  molecular  weight  larger 
than  methane  were  present  in  the  product  gas  obtained  when  3H2  + 
ICO  gas  mixture  was  passed  over  this  catalyst  at  atmospheric  pressure 
and  at  a  temperature  of  370°C.  Within  the  next  few  years  an  enormous 
amount  of  catalyst  testing  was  done  with  iron,  cobalt,  and  nickel  cata¬ 
lysts  combined  with  difficultly  reducible  oxides  or  easily  reducible  oxides 
(such  as  copper)  or  both  types  of  oxides.  However,  very  slight  progress 
was  made  toward  the  achievement  of  a  commercially  suitable  catalyst. 

Precipitation  of  nickel-thoria  on  kieselguhr  by  Fischer  in  1931  and 
preparation  of  the  corresponding  cobalt  catalyst  (lOOCo:  18Th02: 100 
kieselguhr)  in  1932  paved  the  way  for  the  development  of  the  Ruhr- 
chemie  commercial  catalyst.  The  cobalt  catalyst  was  precipitated  on 
the  carrier,  kieselguhr,  in  order  to  overcome  the  disadvantages  of  dense 
catalyst  granules.  If  the  reaction  is  highly  exothermic,  as  in  the  Fischer- 
Tropsch  synthesis,  the  heat  produced  by  a  dense,  unsupported  catalyst 
may  exceed  the  capacity  of  the  reactor  to  remove  the  heat  of  reaction, 
and  the  catalyst  may  be  quickly  destroyed.  Tests  showed  that  the  role 
of  the  kieselguhr  was  important  in  two  respects:  (1)  It  produced  the 
proper  degree  of  dispersion  of  the  active  metal  and  the  desired  porosity 
of  the  catalyst  granules,  and  it  provided  a  framework  which  prevented  a 
large  decrease  in  bulk  volume  during  reduction.  In  addition  (2)  it  in 
fluenced  the  yields  and  life  of  the  catalyst.  Experiments  on  the  effect 
of  the  physical  and  chemical  nature  of  the  kieselguhr  on  the  activity  of 

1949.S'  (i,ant  SteWart  (t°  PhilUpS  Petroleum  Co-)>  U-  S-  latent  2,490,488,  Dec.  6, 
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the  cobalt  catalyst  showed  that  use  of  the  acid-washed,  natural  (not 
calcined  or  flux-calcined  at  high  temperature)  product  yielded  the  most 
active  catalyst. 

Because  of  difficulties  encountered  in  operation  with  Fischer’s  Ni- 
Mn0-Al203-kieselguhr  catalyst,  nickel  was  abandoned  for  commercial 
use.  The  first  satisfactory  catalyst  used  in  the  Ruhrchemie  pilot-plant 
units  contained  approximately  lOOCo:  18ThO2:200  kieselguhr :  2Cu, 
parts  by  weight.  The  advantage  of  incorporating  a  small  amount  of 
copper  into  the  catalyst  was  that  it  made  possible  the  use  of  a  low  reduc¬ 
tion  temperature.  However,  the  life  of  the  copper-containing  catalyst 
was  relatively  short,  and  copper  was  eliminated  from  the  catalyst  when  a 
separate  reduction  unit  was  completed  at  Ruhrchemie  late  in  1935. 
The  standard,  or  normal,  commercial  catalyst  in  1937  had  the  approxi¬ 
mate  composition  lOOCo:  18Th02 : 200  kieselguhr,  which  was  changed  in 
1938  to  lOOCo:  15Th02 : 200  kieselguhr.  Replacement  of  part  of  the 
thoria  by  magnesia  resulted  in  the  normal  German  commercial  catalyst, 
which  had  the  following  composition:  lOOCo :5Th02:8Mg0: 200  kiesel¬ 
guhr.  It  was  used  from  1938  until  1944,  when  synthetic  oil  and  wax 
production  was  sharply  curtailed  as  a  result  of  intensive  bombing  of  the 
plants.  The  same  composition  was  found  to  be  best  for  both  atmos¬ 
pheric-  and  medium-pressure  synthesis  and  to  produce  catalysts  that 
had  a  life  of  about  6  months. 

In  the  preparation  of  the  commercial  catalyst,  a  hot  solution  of  the 
nitrates  of  cobalt,  thorium,  and  magnesium  was  mixed  with  a  hot  sodium 
carbonate  solution.  The  required  amount  of  dry  kieselguhr  was  im¬ 
mediately  stirred  in,  and  the  slurry  was  filtered  and  washed  with  hot 
distilled  water.  The  washed  cake  was  extruded,  and  the  product  was 
dried  and  screened.  The  finished  catalyst,  obtained  in  1-3-mm  granules, 
was  reduced  in  thin  layers  by  a  rapid  stream  of  hot,  dry  hydrogen  con¬ 
taining  25  per  cent  nitrogen. 

The  average  yield  obtained  in  synthesis  on  this  catalyst  was  150  g 
per  cu  m  of  sulfur-free  2H2  +  ICO  gas,  of  hydrocarbons  ranging  from 
propane-propylene  to  waxes  of  2,000  molecular  weight.  In  addition, 
about  25  g  of  Ci-C2  hydrocarbon  gases  was  produced.  The  average 
distribution  of  the  liquid  and  solid  products  obtained  in  the  Ruhrchemie 
process  is  as  follows,  in  weight  per  cent:  gasoline,  35-60;  Diesel  oil, 
30-35;  wax,  10-30,  depending  upon  the  pressure.  The  paraffin  fraction 
was  of  considerable  importance  in  Germany  during  World  War  II  as 
raw  material  for  the  manufacture  of  synthetic  detergents,  soaps,  and 
lubricants.  Laboratory  tests  revealed  that  the  composition  of  the  cata¬ 
lyst  also  influenced  the  distribution  of  the  products.  The  presence  of 
manganese  and  a  low  kieselguhr  content  favored  the  production  of  high 
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wax  yields.  Roelen  reported  in  1940  that  a  cobalt  catalyst  whose  compo¬ 
sition  was  lOOCo:  15Mn:  12.5  kieselguhr  was  active  in  the  medium- 
pressure  synthesis  at  165°-170°C  and  produced  large  quantities  of  solid 
paraffin.  In  a  5-month  test,  the  average  wax  fraction  (br  >  320° C)  was 
70  per  cent  of  the  total  liquid-plus-solid  hydrocarbon  product.  Large 
wax  fractions  were  also  obtained  when  the  catalyst  contained  a  high 
thoria  concentration.  However,  these  catalysts  were  unsuitable  loi 


commercial  use  for  several  reasons,  the  most  important  ol  which  was 
rapid  carbon  deposition  on  the  catalyst  and  concomitant  deterioration  of 
the  catalyst.  Cobalt  catalysts  containing  nickel  and  large  amounts  of 
kieselguhr  produced  large  oil  fractions  in  the  product.  The  disad¬ 
vantages  of  these  catalysts  were  (1)  high  yields  of  methane  and  other 
gaseous  hydrocarbons,  and  (2)  low  total  yields. 

Although  the  cobalt  catalyst  wras  used  in  the  German  plants  because 
its  development  occurred  earlier  than  that  of  the  iron  catalysts,  re¬ 
search  on  iron  catalyst  in  the  laboratory  and  pilot  plants  was  con¬ 
tinuously  being  done  and  is  still  in  progress.  Important  advantages  of 
iron  over  cobalt  are  that  (1)  it  imparts  flexibility  to  the  Fischer-Tropsch 
process,  and  (2)  it  is  easily  available  from  many  sources,  wdiereas  the 
supply  of  cobalt  is  limited. 

Significant  improvement  in  catalyst  activity  and  life  of  iron  catalysts 
was  produced  by  the  addition  of  alkali.  The  effect  of  alkali  in  producing 
higher-molecular-weight  products  had  been  observed  when  the  synthol 
process  was  discovered.  The  same  effect  was  observed  in  the  Fischer- 
Tropsch  synthesis  on  alkalized  iron  catalysts.  With  increasing  alkali 
content  of  the  catalyst,  a  large  yield  of  paraffin  w^ax  is  possible.  For  ex¬ 
ample,  from  a  precipitated  iron  catalyst  containing  1.3  per  cent  of  added 
K20  based  on  iron,  Pichler  reported  that  42  per  cent  of  the  hydrocarbon 
product  was  paraffin  wax.  However,  catalysts  containing  such  large 
amounts  of  alkali  were  short-lived.  The  optimum  alkali  content,  with 
respect  to  the  life  of  the  catalyst,  was  observed  by  IT.  S.  Bureau  of  Mines 


workers  to  be  0.6  part  of  K20  per  100  parts  of  Fe.  Catalysts  containing 
this  quantity  of  alkali  were  operated  at  temperatures  of  about  230°C 
and  showed  no  disintegration  upon  removal  from  the  reactor.  Other 
data  indicated  that  alkalization  of  iron  catalysts  favored  the  production 
of  oxygenated  constituents  in  the  liquid  hydrocarbon  fractions  and  a 
slight,  decrease  in  use  ratio  of  Id2:CO. 

The  second  important  advance  in  the  development  of  Fischer-Tropsch 
non  catalysts  was  the  discovery  of  the  medium-pressure  synthesis.  The 
best  iron  catalyst  developed  at  the  Kaiser  Wilhelm  Institut  fur  Kohlen- 
forschung  (KWI)  by  Fischer  up  to  1930  was  an  alkalized  iron-copper 
preparation  made  by  decomposition  of  the  nitrates  and  tested  at  atmos- 
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phene  pressure.  The  life  of  such  a  catalyst  was  only  about  8  days. 
W  ithin  the  next  5  years,  the  life  of  precipitated  iron  catalysts,  when 
tested  at  atmospheric  pressure,  was  increased  to  about  5  weeks.  In 
193/,  a  precipitated  iron  catalyst  that  had  been  under  test  for  several 
weeks  by  Fischer  and  Pichler  was  put  under  15  atm  pressure;  the  yield 
"as  almost  doubled  and  the  life  of  the  catalyst  was  increased  sub¬ 
stantially. 

I  he  development  of  pretreatment  techniques  was  the  third  significant 
advance  in  the  evolution  of  iron  catalysts.  It  was  preferable  to  pretreat 
fused,  sintered,  and  “cemented’’  (iron  oxide  particles  cemented  into 
granules  by  the  addition  of  a  binding  agent)  catalysts  by  reduction  with 
hydrogen  at  450°C;  however,  induction  with  1H2  +  ICO  gas  at  high 
temperatures  produced  satisfactory  catalysts  in  instances  in  which  in¬ 
duction  was  more  desirable  than  reduction.  Pretreatment  of  precipi¬ 
tated  catalysts  with  CO  or  H2  CO  mixtures  produced  significantly 
better  catalysts  than  reduction  with  hydrogen.  Pichler  reported  that, 
the  optimum  conditions  for  pretreatment  of  the  normal  KWI  precipi¬ 
tated  catalyst  for  operation  at  15  atm  of  3CO  +  2H2  gas,  235° C,  and 
throughput  of  4  1  per  10  g  Fe  per  hr  were  the  following:  0.1  atm  CO, 
325°C,  and  throughput  of  4  1  per  10  g  Fe  per  hr,  for  25  hr.  Ruhrchemie 
found  that  pretreatment  with  water  gas  in  place  of  hydrogen  decreased 
methane  formation;  the  advantage  ot  carrying  out  the  pretreatment  with 
water  gas  at  0.1  atm  could  be  reproduced  by  diluting  the  water  gas  with 
nitrogen  and  using  a  partial  pressure  of  H2  -f  CO  ol  0.1  atm  at  a  total 
pressure  of  1  atm.  U.  S.  Bureau  of  Mines  induction  of  precipitated  iron 
catalysts  was  done  at  atmospheric  pressure  of  1H2  +  ICO  gas,  space 
velocity  of  100,  for  24  hr.  When  the  catalyst  contained  less  than  3  per 
cent  of  copper,  based  on  iron,  the  temperature  was  270°C;  when  the 
catalyst  contained  larger  amounts  of  copper,  the  induction  temperature 
was  230°C.  Rheinpreussen  reported  a  method  of  pretreatment  in  which 
2Ho  +  ICO  gas  mixture  was  passed  at  270°C  over  precipitated  iron 
catalysts  at  atmospheric  pressure  and  a  throughput  20  times  the  normal 


synthesis  gas  rate. 

X-ray  diffraction  and  thermomagnetic  analyses  of  iron  catalysts  car¬ 
burized  as  described  above  revealed  the  presence  of  two  carbides  with 
the  formula  Fe2C.  One  was  identified  as  the  Hiigg  carbide,  and  it  had  a 
Curie  Point  at  247°C;  the  other,  the  hexagonal  close-packed  carbide, 
had  a  Curie  Point  at  380°C.  The  latter  carbide  was  converted  at  tem¬ 
peratures  above  380°C  to  the  Hiigg  carbide,  which  decomposed  at  a  high 
temperature  (580°C)  to  cementite  and  free  carbon.  U.  S.  Bureau  o 
Mines  investigators  are  of  the  opinion  that  iron  catalysts  pretreated  at  a 
low  temperature  contain  principally  the  hexagonal  carbide,  whereas 
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pretreatment  at  high  temperatures  produces  the  Hagg  carbide, 
presence  of  copper  apparently  increases  the  temperature  above  which 
the  hexagonal  carbide  decomposes;  the  decomposition  temperature  was 
increased  by  about  50° C  when  the  copper  content  of  the  catalyst  was 
2-3  per  cent  and  by  100°C  when  the  copper  content  was  7  per  cent. 

Another  pretreatment  technique  is  nitriding,  in  which  a  catalyst  re¬ 
duced  by  hydrogen  is  converted  to  nitrides  of  iron  by  pretreatment  with 
ammonia.  From  a  nitrided  fused  synthetic-ammonia-type  catalyst 
tested  at  7  atm,  the  U.  S.  Bureau  of  Mines  laboratory  observed  that 
virtually  no  wax  was  made;  the  product  was  of  lower  average  molecular 
weight,  containing  larger  yields  of  gaseous  hydrocarbons,  particularly 
methane,  and  of  oxygenated  molecules,  than  that  obtained  from  similar, 
reduced  catalysts.  During  synthesis,  nitrided  iron  catalysts  appear  to 
resist  oxidation  and  deposition  of  free  carbon. 

Because  research  on  iron  catalysts  is  still  in  progress  and  several 
Fischer-Tropsch  processes  are  under  development,  it  is  impossible  to 
select  any  one  “best”  preparation  for  commercial  use.  The,  problem  is 
still  further  complicated  by  the  economic  situation.  For  example,  the 
German  economy  is  far  different  from  that  existent  in  the  United  States. 
Hence,  the  costs  of  synthesis  gas  production,  operation  of  the  synthesis, 
and  catalyst  manufacture  must  be  weighed  and  balanced  against  each 
other  in  any  particular  situation.  In  addition,  the  distribution  of 
products  desired  is  influenced  by  the  status  of  the  petroleum  and  chemi¬ 
cal  markets. 

An  attempt  was  made  in  Germany  in  1943  to  select  an  iron  catalyst 
that  could  be  substituted  for  cobalt  in  the  existing  medium-pressure 
plants.  A  sharp  curtailment  in  the  German  cobalt  supply  during  World 
War  II  had  resulted  in  intensive  research  on  iron  catalysts  by  six  or¬ 
ganizations.  Because  of  the  wide  differences  in  the  catalysts  that  had 
been  developed,  a  comparative  experiment,  the  Reichsamtversuch,  was 
made  in  which  each  company  submitted  a  catalyst.  The  catalysts’ were 
tested  simultaneously  for  3  months  in  pilot-plant  units  at  the  Braun- 
kohle-Benzin  A.G.  plant  in  Schwarzheide-Ruhland.  The  characteristics 
necessary  for  successful  operation  on  the  large  scale  were  (1)  high  degree 
of  conversion  to  liquid  products  with  a  low  degree  of  gas  production 
particularly  methane;  (2)  H,:CO  use  ratio  closely  approaching  the 
H2.CO  ratio  of  the  process  gas,  to  permit  satisfactory  operation  of  fur- 
ler  stages  of  synthesis;  (3)  high  yield  of  the  desired  products  per  unit 
weight  of  catalyst;  and  (4)  catalyst  stability.  None  of  the  catalysts 

'  TnTpttelflh  f°Ur  Characteristics’  an(1  ««e  results  were  inconclusive. 

In  spite  of  the  many  operating  and  economic  variables  which  influence 

the  choice  of  catalysts  for  the  Fischer-Tropsch  processes,  comparison 
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of  the  modern  iron  catalysts  are  of  interest.  Evaluation  of  these  cata¬ 
lysts  may  be  made  on  the  basis  of  the  following  criteria:  (1)  activity, 
life,  and  product  distribution ;  (2)  mechanical  stability ;  and  (3)  economics. 

An  example  of  a  highly  active  precipitated  catalyst  was  75Fe+2: 
25Fe+3:20Cu:0.2K2CO3,  parts  by  weight.  In  a  7-week  test  at  7  atm 
(gauge  pressure)  in  the  U.  S.  Bureau  of  Mines  catalyst-testing  labora¬ 
tory,  the  average  temperature  was  229 °C  for  70  per  cent  conversion  per 
pass  and  the  yield,  in  grams  per  cubic  meter  of  feed  gas,  was  as  follows: 
9.4  CH4,  33.5  C1-C4,  and  105.7  C3  +  hydrocarbons.  A  Ruhrchemie 
precipitated  catalyst,  of  composition  100Fe:5Cu:8CaO:30  kieselguhr, 
impregnated  with  3-3.5  per  cent  of  KOH,  produced  an  average  yield  of 
C2  +  products  of  106  g  per  cu  m  1H2  +  ICO  at  an  average  conversion 
of  65  per  cent,  when  tested  for  160  days  at  10  atm  of  water  gas  with  a  re¬ 
cycle  ratio  of  residual  gas: fresh  gas  of  2.2: 1.  At  the  end  of  this  time,  the 
activity  was  still  high  at  220°C.  The  C5-f-  hydrocarbon  product  con¬ 
tained  68  per  cent  of  wax,  of  which  63  per  cent  was  hard  wax  boiling 
above  460°C.  The  methane  production  was  7  per  cent  of  the  total  CO 
+  H2  converted.  A  sample  of  a  fused  catalyst,  the  German  synol  cata¬ 
lyst,  was  tested  at  7  atm  in  the  U.  S.  Bureau  of  Mines  laboratory  for  8 
weeks  at  an  average  temperature  of  219. 5°C  for  70  per  cent  conversion 
per  pass.  The  yield  obtained  was  7.4  g  CH4  per  cu  m  of  feed  gas,  26.4 
Ci-C4,  and  109.8  C3+  hydrocarbons.  Satisfactory  activity  was  ob¬ 
served  with  a  U.  S.  Bureau  of  Mines  cemented  magnetite  ore  catalyst, 
whose  composition  was  100Fe:3.5Al203:0.54K20.  In  an  8-week  test 
at  7  atm  pressure,  the  average  temperature  was  229°C  for  70  per  cent 
conversion  per  pass  and  the  yield  6.9  g  CH4  per  cu  m  of  feed  gas,  20.2 
Cj-C4,  and  75.6  C3+  hydrocarbons. 

Less  active  were  samples  of  6-8  mesh  granules  of  American  synthetic- 
ammonia-type  catalysts,  as  exemplified  by  one  whose  composition  was 
100Fe:6.92MgO:1.12Cr203:0.93Si02:0.9lK20.  In  a  5-week  test  at 
7  atm  in  the  U.  S.  Bureau  of  Mines  laboratory,  the  average  temperature 
was  256  0°C  for  70  per  cent  conversion  per  pass  and  the  yield  14.2  g 
CH4  per  cu  m  of  feed  gas,  47.5  C,-C4,  and  94.4  C3+  hydrocarbons.  The 
synthesis  temperature  and  gaseous  hydrocarbon  yields  were  higher  than 
those  obtained  from  the  previous  catalysts.  In  addition,  the  cataytic 
activity  showed  a  steady  decrease  during  the  test,  whereas  the  synol 
and  cemented  catalysts  increased  in  activity.  The  activity  of  this  fused 
catalyst  was  improved  in  two  ways.  When  40-00  ^h  fannies  were 
tested,  the  average  temperature  in  a  7-week  test  was  220.0  C  for  <0  pe 
cent  conversion  per  pass  and  the  product  distribution  was  as  follows,  m 
grams  per  cubic  meter  of  feed  gas:  8.0  CH4,  30.4  C,-C«,  and  98.4  C,+ 
hydrocarbons.  When  the  test  was  made  with  mtnded  6  8  mesh  gi  anu 
the  following  data  were  obtained  in  a  7-week  test  at  7  atm:  temperature, 
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240°C  for  70  per  cent  conversion  per  pass;  yield,  13.6  g  CH4  per  cu  m  of 
feed  gas,  41.5  Ci-C4,  and  88.9  C3+  hydrocarbons.  These  values  in¬ 
clude  oxygenated  compounds  dissolved  in  the  hydrocarbon  phases;  the 
alcohol  content  of  the  <185°C  fraction  was  larger  in  tests  with  mtrided 
catalysts  than  under  similar  conditions  with  reduced  catalysts. 

Comparison  can  be  made  of  various  types  of  iron  catalysts  on  the  basis 
of  mechanical  strength  and  resistance  to  spalling.  A  finely  powdered 
magnetite  catalyst  cemented  with  ball  clay  retained  its  mechanical 
strength  after  reduction ;  however,  its  activity  decreased  rapidly  during 
synthesis  in  a  U.  S.  Bureau  of  Mines  catalyst-testing  unit.  1  he  syn¬ 
thetic-ammonia-type  catalysts  were  very  hard  in  their  original  state, 


but  when  reduced  retained  only  one-hall  their  mechanical  strength.  The 
cemented  catalysts  containing  borax  and  alumina  retained  only  0.1,  and 
the  sintered,  alkalized  glomerule  catalyst  (for  description  see  Chapter  3, 
p  282)  only  0.01  of  the  original  mechanical  strength  after  reduction. 
Precipitated  catalysts  disintegrated  upon  pretreatment. 

In  a  U.  S.  Bureau  of  Mines  dry-bed,  catalyst-testing  unit,  the  al¬ 
kalized  glomerules,  whose  composition  was  100Fe:0.6K20,  maintained 
an  average  temperature  of  220. 1°C  for  a  70  per  cent  conversion  per  pass 
in  a  10-week  test  at  7  atm  and  produced  7.6  g  CH4  per  cu  m  of  feed  gas, 
27.1  Ci~C4,  and  112.8  C3-f-.  Such  a  catalyst  would  probably  be  satis¬ 
factory  in  the  slurry  process  but  not  in  the  oil-circulation  process,  in 
which  a  rigid  granule  is  required.  For  the  oil-circulation  process  a  good 
cemented  or  fused  catalyst  would  be  suitable.  In  fluidized  systems, 
synthetic-ammonia-type  and  alkalized  iron  oxide  powder  catalysts  have 


been  used.  However,  carbon  deposition  and  wax  accumulation,  re¬ 
sulting  in  defluidization,  have  been  observed  with  these  catalysts.  To 
avoid  these  difficulties,  a  hard,  nitrided  catalyst  may  be  useful. 

The  third  criterion  suggested  for  evaluating  catalysts  is  the  important 
factoi  ot  lelative  manufacturing  costs.  Because  of  the  expensive  nature 
of  precipitated  and  fused  synthetic-ammonia-type  catalysts,  work  is  in 
progress  in  the  laboratories  of  the  U.  S.  Bureau  of  Mines  and  the  various 
oil  companies  on. the  use  of  readily  available  iron  ores  and  industrial  by¬ 
product  iron  oxides  for  catalyst  manufacture.  The  U.  S.  Bureau  of 
Mines  has,  for  example,  prepared  adequately  active  cemented  (with 
AI203)  catalysts  starting  with  finely  divided  magnetite  ore  concentrated 
by  ™agnetic  separation,  pigment-grade  iron  oxide,  mill  scale  from  the 
steel  industry,  and  goethite  ore.  Catalysts  so  prepared  were  found  to 
)e  moiv  active  than  the  fused  synthetic-ammonia  type  but  were  not 
sufficiently  resistant  to  mechanical  disintegration.  Other  inexpensive 
non  powders  may  be  used  to  prepare  active  catalysts  provided  that  they 

f„°  ""V0n,talnTa  conftuent  su<*  as  sulfur,  which  is  a  catalyst  poison 
in  the  I  ischer- Tropsch  synthesis. 
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Characteristics  of  the  Synthesis  of  Importance  in  Process 

Development 

TEMPERATURE  AND  PRESSURE  COEFFICIENTS; 
CATALYST  DURABILITY 


The  hydrogenation  of  carbon  monoxide  to  produce  chiefly  straight- 
chain  paraffin  hydrocarbons  and  water  or  carbon  dioxide  or  both  is  a 
heterogeneous  reaction  requiring  carefully  prepared  nickel,  cobalt,  iron, 
or  ruthenium  catalysts  and  purified  synthesis  gas  containing  less  than 
0.2  g  of  sulfur  in  100  cu  m.  Branched-chain  hydrocarbons,  aromatic 
hydrocarbons,  aliphatic  alcohols,  aldehydes,  and  acids  also  are  produced 
in  amounts  varying  with  the  type  of  catalyst  and  the  operating  condi¬ 
tions.  The  heat  liberated  by  the  reaction  is  large,  namely,  7,200  Btu 
per  lb  of  oil  product.  The  optimum  temperature  ranges  are  170°-205°C 
for  nickel  and  cobalt,  200°— 325°C  lor  iron,  and  160°— 225°C  for  ru¬ 


thenium.  This  combination  of  a  highly  exothermic  reaction  with  a  rel¬ 
atively  narrow  range  of  optimum  operating  temperature  makes  the 
problem  of  removal  of  the  heat  of  reaction  most  important  in  the  design 
of  the  process  and  its  equipment. 

Nickel  catalysts  cannot  be  successfully  used  at  pressures  much  above 
atmospheric  because  ol  excessive  corrosion  due  to  nickel  carbonyl  loima- 
tion.  Cobalt  and  iron  catalysts  may  be  used  up  to  about  20  atm  before 
appreciable  corrosion  by  carbonyl  formation  occurs.  Ruthenium  is  only 


slightly  active  at  atmospheric  pressure;  100  atm  pressure  is  necessary 
for  a  space-time-yield  of  the  order  ol  that  obtained  lor  the  other  cata¬ 
lysts  at  pressures  in  the  range  1-20  atm.  All  the  catalysts  yield  detect¬ 
able  amounts  of  metal  carbonyls  at  optimum  reaction  temperatures  and 
pressures.  Pichler  1  thinks  that  this  fact  is  important  for  discussions  ol 
the  probable  mechanism  ol  the  reaction. 


1  H  Pichler,  Synthesis  of  Hydrocarbons  from  Carbon  Monoxide  and 
U.  S.  Bur.  Mines  Spec.  Rept.,  1947.  Translation  reproduced  in  T.O.M 


Hydrogen, 
Reel  259, 


Frames  467-654. 
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Temperature,  Pressure,  Catalyst  Life 

The  temperature  coefficients  for  the  rate  of  the  synthesis  on  nickel  “ 
and  cobalt 3  have  been  measured;  they  are  in  the  range  1.6-1. 8  per  10°C 
increase  in  temperature.  The  pressure  coefficient  of  the  synthesis  rate 
is  defined  as  n  in  the  equation: 


rate  = 


Any¬ 


where  .4  and  R  are  constants,  e  is  the  base  of  natural  logarithms,  A E  is 
the  activation  energy,  T  is  the  absolute  temperature,  and  p  is  the  partial 
pressure  of  synthesis  gas.  For  cobalt  catalysts,  n  is  close  to  zero  when 
measured  in  the  presence  of  appreciable  concentrations  of  the  reaction 
products.4  When  the  concentration  of  reaction  products  is  kept  very 
low  by  using  high  space  velocities  and  very  low  conversions  per  pass  over 
cobalt  catalysts,  n  is  about  0.5. 5  For  iron  catalysts  in  the  presence  of 
synthesis  products  n  is  about  l.O.1  The  activation  energy  A E  is  in  the 
range  20-26  kcal  for  cobalt  and  iron  catalysts. 

The  durability  of  cobalt 6  and  iron  7  catalysts  is  much  greater  at  7-20 
atm  pressure  than  at  atmospheric  pressure.  Some  of  the  data  on  the 
change  in  catalyst  durability  with  pressure  are  graphically  presented  in 
Figure  1  for  a  cobalt  catalyst  and  in  Figure  2  for  an  iron  catalyst.  The 
pressures  given  in  Figure  1  are  gauge  readings,  whereas  those  in  Figure  2 
are  absolute  pressures.  The  durability  of  both  cobalt  and  iron  catalysts 
at  atmospheric  pressure  can  be  greatly  extended  by  periodic  extraction 
with  a  solvent  or  by  flushing  with  hydrogen  at  frequent  intervals.  Both 
procedures  remove  large  (20-100  per  cent  of  the  catalyst  weight) 
amounts  of  wax  and  high-boiling  oxygenated  compounds.  The  marked 
increase  in  durability  at  intermediate  pressures  of  7-20  atm  probably  is 
due  to  the  formation  of  liquid  oil  films  of  relatively  low-molecular-weight 
hydrocarbons  on  the  catalyst  surfaces.  Such  liquid  oil  would  dissolve 
wax  and  high-boiling  oxygenated  compounds  from  the  pores  of  the 
catalyst  granules  and  thereby  provide  a  continuous  extraction  and  con¬ 
sequent  regeneration  of  the  catalyst  activity.  The  markedly  lower 
durability  at  pressures  above  30  atm  may  be  due  to  corrosion  of  the 
catalyst  surfaces. by  carbonyl  formation. 


2  A.  Aicher,  W.  W.  Myddleton,  and  J.  J.  Walker,  ./.  Soc.  Chern.  Ind.  London 
313-20T  (1935). 

3  R.  B.  Anderson,  A.  Krieg,  B.  Seligman,  and  W.  E.  O’Neill,  Ind.  Ena  Chem 

1,548-54  (1947).  ’ 


54, 

39, 


4  R.  B.  Anderson,  A.  Krieg,  R.  A 
(1949). 


Friedel,  and  L.  S.  Mason,  ibid., 


41,  2,189-97 


6  S.  Weller,  J.  Am.  Chem.  Soc.,  69,  2,432-6  (1947). 

8  F.  Fischer  and  H.  Pichler,  Brennstoff-Chem.,  20,  41-8  (1939). 

7  TO  M.  Reel  101,  Document  PG-21,559-NID,  Report  on  the 
synthesis  with  Iron  Catalysts,  June  1940. 
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Fischer-Tropsch  Process  Development 

The  curves  of  Figure  1  are  not  isothermal.  Increasing  time  of  opera¬ 
tion  was  associated  with  gradual  lowering  of  the  activity  of  the  catalyst. 


Figure  4-1.  Variation  of  yield  with  time  at  various  pressures.  Reproduced  from 

reference  6. 


This  reduction  could  be  partly  compensated  by  raising  the  reaction  tem¬ 
perature.  In  the  experiments  at  5-15  atm,  the  initial  temperatures  of 
175°-180°C  were  not  raised  to  195°C  even  after  6  months  of  operation. 


At  1  atm,  the  initial  temperature  of  180°C  had  to  be  increased  to  19o  C, 
after  only  5  weeks  of  operation.  The  contractions  shown  in  Figure  i, 
for  an  iron  catalyst,  may  be  related  to  degree  oi  conversion  of  caibon 
monoxide  as  follows:  As  the  usage  ratio  of  carbon  monoxide  to  hydiogen 
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was  about  1.5  to  1,  about  88  per  cent  of  the  carbon  monoxide  reacted 
according  to  the  equation : 

2nCO  +  wH2  =  (ChOn  +  nC02 

and  about  12  per  cent  according  to  the  equation: 

nCO  -f-  2nHo  =  (CIEK  +  nH^O 

On  this  basis,  it  is  calculated  that  a  contraction  of  50  per  cent  corre¬ 
sponds  to  about  70  per  cent  conversion  of  the  carbon  monoxide. 

PRODUCT  DISTRIBUTION  AT  DIFFERENT  PRESSURES 

Table  1  contains  data  obtained  by  Fischer  and  Pichler  6  on  the  change 
in  the  boiling  range  of  the  product  with  pressure.  As  the  pressure  was 
increased  above  atmospheric,  the  total  yield  of  hydrocarbon  at  first  in¬ 
creased  and  then  (at  about  15  atm)  decreased.  A  cobalt-thoria-kiesel- 
guhr  catalyst  and  a  constant  throughput  of  1  1  (measured  at  atmospheric 
pressure)  per  hr  of  2H2  +  ICO  gas  per  g  of  cobalt  metal  were  used.  The 
data  are  averages  for  4-week  operation.  Only  a  single  pass  of  the  gas 
through  the  catalyst  was  made,  and  there  was  no  catalyst  regeneration. 

Table  1.  Product  Distribution  at  Different  Pressures  for  a  Cobalt 

Catalyst 


Yields,  g  per  eu  m  of  synthesis  gas  (2H2  +  ICO) 


Pressure, 

atm 


Total  Solid 
and  Liquid 
Hydro¬ 
carbons 


Paraf¬ 

fin 

Wax 


Oil  Gasoline  Gaseous 

Boiling  Boiling  Hydro- 

above  below  carbons, 

200  °C  200  °C  C1-C4 


1.0 

2.5 

6.0 

16.0 

51.0 

151.0 


117 

131 

150 

145 

138 

104 


10 

15 

60 

70 

54 

27 


38 

43 

51 

36 

37 
34 


69 

73 

39 

39 

47 

43 


38 

50 

33 

33 

21 

31 
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further  pressure  increase.  As  the  theoretical  yield  was  about  208  g  per 
cu  m,  the  maximum  percentage  of  conversion  to  hydrocarbons  was  about 
88.  The  rapid  decrease  in  yield  of  hydrocarbons  for  pressures  above 
about  1G  atm  was  probably  due  to  corrosion  of  active  catalyst  surface 
by  carbonyl  formation  and  by  the  stronger  adsorption  of  the  oxygenated 
organic  compounds  which  were  produced  in  larger  amounts  at  the  higher 
pressures. 

Similar  data  were  graphically  presented  by  Martin,8  whose  curves  arc 
reproduced  in  Figure  3.  These  curves  show  that  a  maximum  percentage 


absolute  pressure,  atmospheres 


Figure  4-3.  Effect  of  pressure  on  total  yield  and  yield  of  various  fractions.  Con¬ 
structed  from  data  in  second  paper  of  reference  8. 


of  conversion  is  attained  at  about  10  atm  pressure.  The  data  of  Table 
1  and  the  curves  of  Figure  3  are  not  isothermal,  tor  the  tempei ature  t\as 
adjusted  in  the  range  175°-200°C  for  each  test  so  as  to  obtain  maximum 

conversion  to  liquid  product. 

A  more  detailed  characterization  of  the  products  from  a  cobalt  cata¬ 
lyst  at  1  and  7  atm  pressure  was  presented  in  lable  10  in  Chaptei  3. 
In  addition  to  the  marked  increase  in  wax  production  already  shown  in 
Table  1,  Table  10  in  Chapter  3  shows  that  the  products  at  i  atm  are  more 

saturated  than  those  at  1  atm  pressure. 

Additional  data  on  the  changes  with  pressure  in  the  boiling  la  g 

the  normally  liquid  products  from  a  cobalt-thoria-magnes.a-kiesdguhr 

catalyst  (100:5:7.5:200  parts  by  weight)  were  obtained  by  the  Ruh 
•  F.  Martin,  Ind.  Chemist,  13,  320-6  (1037);  Oel,  Kohle,  Teer,  13,  691-7  (1937); 
Chern.  Fabrik ,  12,  233-40  (1939). 
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chemie  9,10  and  are  presented  in  Tables  2  and  3.  The  data  of  Table  2 
show  that  the  molecular  weight  of  the  liquid  products  increases  w  ith  in¬ 
creasing  operating  pressure.  The  more  detailed  data  on  the  effect  of 
pressure,  presented  in  Table  3,  show  that  at  about  3  atm  there  is  a  defi¬ 
nite  increase  in  the  weight  per  cent  of  product  boiling  above  320° C,  and 
an  increase  in  the  per  cent  of  carbon  monoxide  converted  to  oil.  Pos¬ 
sibly  this  is  the  “dew-point”  of  the  reaction  mixture  at  about  190°C,  so 

Table  2.  Boiling  Ranges  of  Liquid  Products  from  a  Cobalt  Catalyst  at 

Different  Pressures 


Operating 


Cumulative  Volume  Per  Cent  Distilling  to 


Pressure, 

atm 

100°C 

150°C 

200  °C 

250  °C 

300  °C 

5 

22 

33 

51 

62 

73 

7 

15 

28 

41 

53 

64 

10 

14 

26 

38 

49 

61 

that  a  substantial  film  of  liquid  hydrocarbons  is  formed  at  pressures  of 
about  3  atm.  Such  a  film  would  increase  the  contact  time  of  the  liquid 
products  with  the  catalyst.  From  3  to  7  atm  there  is  little  change  in  CO 
conversion  or  product  distribution. 

At  an  operating  pressure  of  1  atm  and  at  about  230° C,  the  product 
from  iron  catalysts  contains  much  more  wax  than  that  from  cobalt  cata¬ 
lysts.  1  hus  the  weight  per  cent  of  the  product  boiling  above  320°C  is  1 1 
per  cent  for  cobalt  and  20  per  cent  for  iron.10-11  At  about  10  atm  oper¬ 
ating  pressure,  the  corresponding  figures  are  30  for  cobalt  and  60  for  iron 
(at  about  230° C  operating  temperature).11-19  Roelen  19  presents  a  table 
showing  the  effect  of  operating  pressure  on  product  distribution  for  an 
non  catalyst  but  does  not  state  the  composition  of  the  catalyst  and  the 
operating  conditions.  The  catalyst  probably  was  a  precipitated  one 
promoted  with  copper  calcium  oxide,  and  potassium  carbonate,  which 
Roden  usually  reduced  with  hydrogen  at  300°-325°C  and  operated  at 

^.r.^r^ar,3076  01- itom  *• 

Dr-  ot,°  °f 


Effect  of  Different  Operating  Pressures  on  Synthesis,  Using  a  Co-Th02-MgO-KiESELGUHR  Catalyst  in  a  Pilot- 

Plant,  Double-Tube  Reactor  Containing  5  l  of  Catalyst 
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230°-245°C.  Roelen’s  data  12  are  reproduced  in  Table  4.  Comparisons 
should  be  made  at  constant  conversion,  and  therefore  the  data  at  1  and 
5  atm  should  not  be  included.  Inspection  of  the  data  at  3,  10,  and  20 
atm  shows  an  increase  in  wax  and  corresponding  decrease  in  gasoline 
and  Diesel  oil  production  with  increasing  pressure.  The  olefin  contents 

T\ble  4.  Change  in  Product  Distribution  with  Pressure  for  Operation 
with  Water  Gas  (1H2:1C0),  Using  a  Precipitated  Iron  Catalyst 


Pressure,  atm,  absolute 
Conversion  of  carbon  monoxide, 

1 

3 

5 

10 

20 

per  cent 

95 

75 

70 

75 

75 

Specific  yield  of  C3+,  g  per  cu  m 

of  feed  gas 

90 

98 

86 

118 

120 

Weight  per  cent  in  liquid  product 

Gasoline 

57 

32 

30 

25 

22 

Diesel  oil 

24 

30 

25 

20 

22 

Wax 

Volume  per  cent  of  olefins  in 

19 

38 

45 

55 

56 

Gasoline 

68 

64 

63 

62 

63 

Diesel  oil 

41 

48 

49 

47 

46 

of  the  gasoline  and  Diesel  oil  fractions  do  not  change  much  with  in¬ 
creasing  pressure,  in  contrast  to  the  decreasing  unsaturation  at  higher 
pressures  for  cobalt  catalysts  (see  Table  10,  Chapter  3). 

EFFECT  OF  NITROGEN,  METHANE,  CARBON  DIOXIDE, 
AND  OLEFINS  IN  FEED  GAS 

The  effect  of  dilution  with  nitrogen  is  best  illustrated  by  some  of  the 
experimental  data  of  Hall  and  Smith,13  the  results  of  which  are  presented 
in  Table  5.  For  comparison  with  the  results  of  test  periods  26-27  in 
which  synthesis  gas  containing  35  per  cent  of  nitrogen  was  used,  those  of 
test  periods  23-29  and  21-22  using  synthesis  gas,  with  only  4  per  cent  ni- 
tiogen,  are  included  in  table  5.  It  is  apparent  that  an  increase  in  space 
velocity  alone  results  in  a  decreased  yield;  thus,  test  period  23-29  at  93.5 
space  velocity  and  21-22  at  131  space  velocity  yielded,  respectively  142 
and  113  g  of  liquids  plus  solids  per  cu  m  of  2H2  +  ICO.  At  about  the 
same  space  velocity  of  feed  gas  (compare  test  period  26-27  with  21-22) 
substitution  of  about  30  per  cent  of  the  2H2  +  ICO  by  nitrogen  results  in 
a  somewhat  higher  yield  of  liquids  plus  solids  per  cubic  meter  of  2H2  + 
CO.  The  distributions  of  the  liquid  plus  solid  product  in  test  periods 
u  C.  C.  Hall  and  S.  L.  Smith,  J.  Inst.  Petroleum ,  33,  439-59  (1947). 
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26-27  and  21-22  are  quite  similar,  despite  the  dilution  with  nitrogen  in 
test  period  26-27,  whereas  that  of  test  period  23-29  at  the  lower  space 
velocity  is  considerably  different  from  those  at  the  higher  space  velocity. 

Similar  although  less  precise  results  on  the  effect  of  nitrogen  dilution 
were  obtained  by  Storch  and  his  coworkers  14  and  are  presented  in  1  able 
6.  The  last  column  of  this  table  contains  the  “corrected”  yield  of  liquids 


Table  6.  Effect  of  Nitrogen  Dilution 

(Laboratory  experiments  with  50  cc  of  lOOCorGThOa:  12MgO:200  Hyflo-Super-Cel; 

operating  pressure,  1  atm.) 


Test 

No. 

Tem¬ 

pera¬ 

ture, 

°C 

Feed-Gas  Composition, 
volume  per  cent 

Space  Velocity, 
volumes  of 
feed  gas 
per  volume  of 
catalyst  per  hr 

ch4 

CO 

h2 

n2 

69f 

193 

0.3 

30.0 

68.7 

1.0 

102 

70g 

188 

0.3 

30.0 

68.7 

1.0 

80 

71b 

185 

0.3 

30.0 

68.7 

1.0 

83 

71c 

193 

0.3 

30.0 

68.7 

1.0 

84 

69b 

186 

1.3 

24.2 

58.2 

16.3 

94 

69d 

193 

1.3 

24.2 

58.2 

16.3 

91 

69g 

193 

0.2 

27.8 

57.2 

16.3 

94 

70b 

187 

0.1 

26.7 

44.4 

28.8 

129 

70c 

188 

0.1 

26.7 

44.4 

28.8 

129 

70d 

193 

0.1 

26.7 

44.4 

28.8 

133 

70e 

196 

0.1 

26.7 

44.4 

28.8 

130 

Yield  of  Liquids  +  Solids,  g  per  cu  m 


Feed 

Gas 

2H2 +1CO 

2H2  +  ICO 
Corrected  a 

89.2 

90.4 

92.3 

108 

109 

87.2 

93.3 

95 

78.8 

109 

110 

92.4 

89.6 

107 

100.6 

106 

127 

115.6 

98.8 

118 

111.0 

112.8 

158 

204.0 

75.8 

105 

135.4 

87.8 

123 

163.5 

84.9 

119 

154.6 

a  Grams  per  cubic  meter  of  2H->  -f  ICO  X  !Bace  velocity 

100 


plus  solids  in  gmms  per  cubic  meter  of  2H2  +  ICO.  It  is  calculated 
from  the  next  to  the  last  column  by  assuming  that  the  yield  per  cubic 
meter  is  inversely  proportional  to  the  space  velocity  in  the  range  90-135. 

le  average  “corrected”  yield  for  the  synthesis  gas  containing  1  0  per 
cent  of  nitrogen  is  88,  for  the  10.3  per  cent  nitrogen  gas  109,  and  for  the 
28.0  per  cent  nitrogen  gas  103  g  per  cu  m.  The  “corrected”  yield  is  only 

fntheP28 f"at‘OI\an?  the  lower  rati0  of  hydrogen  to  carbon  monoxide 

uncertain®  T  STl' ”  makes  the  comparisons  quantitatively 

uncertain.  Both  the  corrected”  and  uncorrected  data  of  Table  0  in 

dilate  however,  the  same  trend  as  was  observed  in  Table  5  namely 

.  at  a  !"  same  sPace  velocity  replacement  of  10-30  per  cent  of  the  hv- 
diogen  plus  carbon  monoxide  by  nitrogen  results  in  o  .  f 

larger  yield  of  liquids  plus  solids  per  cubic  meter  of  2H,  V’l'c'o" '  The 

kpj  709 '(IMS),  2*  pp."'  &  ^ 
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volume  of  carbon  monoxide  converted  per  volume  of  catalyst  per  hour 
decreases,  however,  with  increasing  inert  content  at  constant  feed-gas 
space  velocity. 

This  decrease  in  space-time  conversion  of  carbon  monoxide  with  in¬ 
creasing  inert  content  at  constant  feed-gas  space  velocity  is  illustrated 
by  the  data  in  the  last  two  rows  of  Table  7.  The  data  of  this  table  were 
obtained  by  the  Ruhrchemie  15  in  a  pilot-plant  operation  in  1941.  Com¬ 
parison  of  the  oil  yield  for  the  first  three  columns  of  Table  7  shows  that, 
for  21.2,  41.6,  and  50.8  per  cent  of  inerts  in  the  feed  gas,  this  yield  was 
90.5,  107.5,  and  115.4  g  per  cu  m  of  CO  +  H2.  This  extends  the  con¬ 
clusions  from  the  data  of  Tables  5  and  6,  namely,  that  at  constant  space 
velocity  of  feed  gas  substitution  of  nitrogen  for  CO  +  H2  results  in  an 
increased  yield  per  cubic  meter  of  CO  +  H2,  to  cases  where  mixtures  of 
nitrogen,  methane,  and  carbon  dioxide  are  substituted  for  CO  -T  H2. 
This  increase  in  yield  of  oil  per  cubic  meter  of  CO  +  H2  is  not  sufficient, 
however,  to  compensate  for  the  decrease  in  volume  of  CO  +  H2  flowing 
through  unit  volume  of  the  catalyst  per  unit  time.  Thus,  as  is  shown 
by  comparison  of  the  data  in  the  last  two  rows  of  the  first  three  columns 
of  Table  7,  the  space-time  conversion  of  CO  +  2H2  decreases  with  in¬ 
creasing  content  of  inerts.  The  data  in  the  remaining  five  columns  of 
Table  7  show  that,  with  40-50  per  cent  of  inerts,  the  specific  yield,  grams 
of  oil  per  cubic  meter  of  CO  +  2H2,  is  uniformly  higher  than  that  of  the 
third  column  with  20  per  cent  of  inerts,  and  that  conversely  the  space- 
time  conversion  of  CO  +  2H2  is  lower  for  the  higher  inert  content. 

In  the  Ruhrchemie  documents,15-16  there  are  also  data  which  show  that 
the  product  distribution  as  indicated  by  distillation  is,  at  constant  space 
velocity  of  feed  gas,  unchanged  by  dilution  of  CO  +  2H2  with  carbon 
dioxide,  and  mixtures  of  carbon  dioxide  and  nitrogen.  (See  also  Table  5.) 

The  volumes  of  methane  produced  per  100  volumes  of  CO  +  2H2  in 
the  feed  gas  of  the  13-51,  52-67,  and  71-80  days’  operating  periods  of 
Table  7  are  calculated  to  be  3.35,  2.78,  and  2.46  respectively.  As  the 
corresponding  methane  concentrations  in  the  feed  gas  were  6.9,  4.2  and 
0  4  per  cent,  there  appears  to  be  a  small  increase  in  methane  produced 
with  Increasing  methane  in  the  feed.  This  conclusion  is  in  conflict  w  th 
recent  results  obtained  by  C'raxford  '  and  by  Prettie  an<  us f 
Craxford’s  data  17  indicate  that  methane  when  present  to  the  ext 
about  50  per  cent  of  the  synthesis  gas  participates  in  the  Fischer-T  ropsc 
reaction^  orTa  cobalt  catalyst.  Prettre’s  data  -  indicates  that  a  much 

15  T.O.M.  Reel  37,  Bag  3,451,  Item  14. 

16  T.O.M.  Reel  1,  Bag  2,168,  Item  17. 

n  S.  R.  Craxford,  Fuel,  26,  119-23  (1947).  278-9  (1947). 

..  M.  Prettre,  C.  Eichner,  and  M.  Perrin,  Compt.  rend.,  224,  278  9  (li 


Table  7.  Effect  of  “Inerts"  (Nitrogen,  Carbon  Dioxide,  and  Methane)  on  Synthesis,  Using  a  Co-Th02-MgO-KiESELGUHR 
Catalyst  in  a  Pilot-Plant  Containing  206  l  of  Catalyst,  and  Operating  at  7  atm  Pressure 
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higher  methane  content  of  about  90  per  cent  of  the  synthesis  gas  and 
special  catalysts  are  essential  for  the  participation  of  methane  in  the  re¬ 
action.  The  work  of  both  experimenters  should  be  repeated  with  careful 
attention  to  the  accuracy  of  the  gas  analyses  and  to  mass  balances. 

Data  for  methane  production  in  Ruhrchemie  commercial-size  plants 
are  given  in  Table  8  19  for  operation  at  1  atm  and  in  Table  9  20  for  opera¬ 
tion  at  7  atm  pressure.  The  methane  produced  as  per  cent  of  the  carbon 

Table  8.  Methane  Production,  Average  of  Data  for  1  Year  (1943),  of 
Ruhrchemie  Commercial  Two-Stage  Operation  with  Cobalt-Thoria- 
Magnesia-Kieselguhr  Catalyst  at  1  atm  Pressure 


Methane 

Methane 

Produced, 

Produced, 

Methane, 

volume  per 

g  per  cu  m  of 

volume 

cent  of  CO 

CO  +  2H2  in 

per  cent  in 

in  feed  to 

total  gas  fed 

feed  gas 

each  stage 

to  plant 

First  stage 

4.9 

15.1 

15.1 

Second  stage 

15.3 

16.4 

6.5 

Table  9.  Methane  Production,  Averages  of  Ruhrchemie  Commercial  Three- 
Stage  Operation  with  Cobalt-Thoria-Magnesia-Kieselguhr  Catalyst  at 
7  atm  Pressure  for  November  to  February  1944 


Stage  Number 
Temperature,  °C 

CII  j,  volume  per  cent  in  the  feed  gas  to 
each  stage 

CH4  produced,  volume  per  cent  of  CO 
in  feed  to  each  stage 
CH4  produced,  g  per  cu  m  of  CO  +  2Ho 
in  total  gas  fed  to  plant 


1 

2 

3 

198.9 

196.4 

196.4 

0.4 

4.2 

9.2 

11.9 

13.2 

17.9 

13.8 

5.4 

2.0 

monoxide  converted  in  each  stage  increases  somewhat  with  increasing 
methane  content  of  the  feed,  as  was  the  case  for  the  data  of  Table  /. 
The  number  of  grams  of  methane  per  cubic  meter  of  CO  +  ‘2H2  in  the 
total  gas  fed  to  the  plant,  however,  decreases  sharply  in  the  second  an 
third  stages.  No  consumption  of  methane  is  indicated  by  the  Ruhr¬ 
A  study  of  the  effect  of  the  addition  of  gasol  (C3  +  C4  product  of 
Ruhrchemie  Fischer-Tropsch  process)  and  of  pure  propylene  and  butyl¬ 
ene  to  2H2  +  ICO  synthesis  gas  was  the  subject  of  a  dissertation  l>> 


19  T.O.M.  Reel  44,  Bag  3,441,  Item  24. 

20  T.O.M.  Reel  44,  Bag  3,441,  Item  20. 

21  F.I.A.T.  Reel  115X,  Frames  700-803. 
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E.  Iluschenburg  at  the  Technischen  Hochschule  in  Dresden.  The  ex¬ 
periments  were  done  at  1  atm  pressure  in  laboratory  reactors  containing 
about  40  g  of  Ruhrchemie  cobalt  catalyst.  The  gasol  used  contained,  in 
volume  per  cent,  11.9  propylene,  23.0  butylene,  37.1  propane,  21.5 
butane,  and  G.5  total  of  nitrogen,  ethylene,  ethane,  carbon  monoxide, 
and  carbon  dioxide.  Table  10  contains  the  results,  showing  the  change 
in  olefin  conversion  with  partial  pressure  of  olefin  in  the  feed  gas.  Ex- 

Table  10.  Conversion  of  Olefins  Added  to  2H>  +  ICO  Synthesis  Gas  on 

Ruhrchemie  Cobalt  Catalyst 


Experi¬ 

ment 

No. 

Per  Cent 
Gasol  in 
Synthesis 
Gas 

Space  ° 
Velocity 

Tem¬ 

pera¬ 

ture, 

°C 

Catalyst 
Age,  hr 

Per  Cent 
Olefins  in 
Synthesis 
Gas 

Per  Cent 
Conversion 
of 

Olefins 

Per  Cent 
Conversion 
X  Per  Cent 
Olefins  0  6 

Per  Cent 
of  Normal 
Amount  of 
Water 
Produced 

1 

50.0 

4.0 

187 

328-470 

17.5 

15.4 

64 

33 

2 

14.3 

2.3 

187 

328-470 

5.0 

38.0 

85 

71 

3 

4.4 

3.8 

188 

300-400 

1.5 

65.5 

80 

94 

4 

4.7 

3.7 

190 

294-408 

1.7 

65.7 

86 

100 

5 

6.1 

3.7 

190 

294-408 

2.1 

63.8 

92 

98 

6 

5.7 

3.9 

192 

500-600 

2.0 

46.1 

65 

7 

7.8 

3.6 

200 

750-870 

2.7 

85.6 

140 

8 

5.5 

10.2 

188 

147-260 

1 .7 

44.1 

58 

9 

7.3 

11.0 

191 

700-750 

2.5 

43.5 

69 

10 

12.2 

11.5 

190 

321-413 

4.3 

34.0 

71 

91 

11 

12.2 

11.1 

190 

321-413 

4.3 

40.6 

84 

93 

12 

5.3 

1.9 

191 

300-475 

1.8 

73.0 

98 

100 

Pure  propylene 


13 

14 

15 

16 

17 

18 


4.2 

187 

350-400 

5.6 

11.2 

4.1 

187 

350-400 

6.0 

2.7 

3.9 

188 

450-500 

7.5 

9.  1 

3.5 

188 

450-500 

7.3 

4.0 

4.1 

190 

670-800 

3.5 

10.0 

3.9 

190 

670-800 

3.0 

23.6 

26 

7 

25 

1 1 

19 

41 


Pure  butylene 


19 

20 


12.0 

0.8 

100.0 

90 

24.0 

189 

200 

2.2 

63.0 

93 

+  gaS0'  (°r  PUre  °lefin8)  h°-  P-ed  over  40  ,  (about  1 


10  cc)  of  Ruhr- 


penmonts  1  5  and  10-12,  inclusive,  were  done  with  catalyst  aged  300- 
ope rating  In-  in  the  temperature  range  187°-191°C  and  ii~  i, 
probably  are  comparable  within  the  limits  of  reproducibility  ofTuch 
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tests.  The  results  of  these  experiments  show  that,  the  percentage  con¬ 
version  of  the  olefins  in  the  gasol  is  essentially  independent  of  the  hourly 
space  velocity  and  inversely  proportional  to  about  the  square  root  of 
the  olefin  concentration.  Experiments  13-18,  inclusive,  with  pure 
propylene,  when  compared  with  those  for  gasol  (experiments  5  and  10- 
12)  and  for  pure  butylene  (experiments  19  and  20),  show  that  the  degree 
of  conversion  under  comparable  conditions  was  five-  to  ten-fold  lower  for 
propylene.  Included  in  Table  10  are  some  data  on  the  ratio  of  the 
amount  of  water  produced  when  gasol  was  present  in  the  synthesis  gas 
to  the  amount  formed  when  no  gasol  was  present.  It  appears  that  in  the 
range  4-50  per  cent  gasol  the  water  produced  was  100-33  per  cent  of 
that  produced  when  no  gasol  was  present.  A  corresponding  but  inverse 
variation  in  carbon  dioxide  production  occurred. 

It  appears  that  olefins  retard  the  synthesis  and  accelerate  the  water- 
gas  shift  reaction.  More  precise  experiments  are  needed,  howrever,  be¬ 
fore  any  firm  conclusions  can  be  drawn. 

Processes  Using  Fixed  Beds  of  Granular  or  Pelleted  Catalysts 
and  Cooling  by  Indirect  Heat  Exchange 

THE  RUHRCHEMIE  PROCESS 

In  1927-1932,  Fischer  and  his  coworkers  22-24  developed  more  active 
promoted  nickel  and  cobalt  catalysts  and  increased  the  yield  per  pass 
to  more  than  100  g  of  oil  per  cu  m  of  2H2  +  ICO.  In  1932-1934, 
Fischer  and  his  coworkers  25-29  were  engaged  in  process  development 
work,  using  a  Ni-Mn0-Al203-kieselguhr  catalyst.  Because  ot  the  highly 
exothermic  character  of  the  reaction,  Fischer  found  it  essential  that  the 
path  of  heat  transfer  from  a  granule  of  catalyst  to  a  cooling  suiface  be 
less  than  10  mm,  preferably  about  7  mm.  His  first  experimental  plant 
consisted  of  a  battery  of  cells  12  mm  thick  by  1.2  m  wide  by  5  m  high, 
immersed  in  an  oil  bath.  A  yield  of  70  g  of  oil  per  cu  m  of  2H2  +  ICO 
was  obtained  at  190°-210°C  and  at  atmospheric  pressure.  In  1934,  the 

22  F.  Fischer,  Brennstoff-Chem.,  11,  489-500  (1930). 

23  F.  Fischer  and  K.  Meyer,  ibid.,  12,  225-8  (1031). 

24  F.  Fischer  and  H.  Koch,  ibid.,  13,  61-8  (1932). 

25  F.  Fischer,  II.  Pichler,  and  It.  Reder,  ibid.,  13,  421-8  (1932). 

2o  F.  Fischer,  O.  Roelen,  and  W.  Feisst,  ibid.,  13,  461-8  (1932). 

27  It.  Hartner-Seberich  and  H.  Koch,  ibid.,  13,  308-10  (1932). 

28  F.  Fischer  and  H.  Koch,  ibid.,  13,  428-34  (1932). 

29  II.  Koch  and  O.  Horn,  ibid.,  13,  164-7  (1932). 
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Ruhrchemie  30-34  erected  a  pilot  plant  of  about  1 ,000-tons-per-yr  capacity 
at  Oberhausen-Holten.  A  Ni-Mn0-Al203-kieselguhr  catalyst  was  used 
at  190°-210°C  and  atmospheric  pressure.  The  difficulties  encountered  * 
were  (a)  short  catalyst  life  of  4-6  weeks,  despite  an  elaborate  and  ex¬ 
pensive  sulfur-removal  process;  (6)  expensive  design  of  converters;  (c) 
loss  of  catalyst  metals  and  promoters  during  catalyst  regeneration;  and 
(, d )  expense  of  conversion  of  the  oil  to  marketable  products. 

In  the  period  1933-1939,  an  intensive  and  rapid  development  of  more 
active  catalysts  occurred,  with  final  selection  of  Co-Th02-MgO-kiesel- 
guhr  (100:5:8:200  parts  by  weight)  as  the  best  catalyst  for  industrial 
operation.38-39  All  the  German  Fischer-Tropsch  plants  in  1938-1944 40-48 


30  Anon.,  Iron  &  Coal  Trades  Rev.,  129,  542  (1934);  Times  {London),  Nov.  19,  1934; 
Chem.  &  Met.  Eng.,  41,  666  (1934);  Gas-  u.  Wasserfach,  77,  798  (1934);  Fuel  Econo¬ 
mist,  9,  303  (1934). 

31  F.  Fischer,  H.  Koch,  and  K.  Wiedeking,  Brennstoff-Chem.,  16,  229-33  (1934). 

32  F.  Fischer,  ibid.,  16,  1-11  (1935). 

33  A.  Thau,  Colliery  Guardian,  150,  335-7  (1935). 

34  H.  Koch,  Gluckauf,  71,  8.5-90  (1935). 

35  O.P.B.  Rept.  412,  May  15,  1945. 

36  A.  G.  Ruhrchemie,  German  Applic.  R104,999,  British  Patent  518,334  (1940); 
French  Patent  843,305  (1939). 

37  H.  Heckel  and  O.  Roelen,  U.  S.  Patent  2,219,042  (1940);  R,  C.  Aldrich,  Natl. 
Petroleum  News,  37,  R922-4  (1945). 

38  C.  C.  Hall  and  S.  L.  Smith,  ./.  Soc.  Chem.  Ind.  {London),  66,  128-36  (1946). 

39  C.  M.  Cawley  and  C.  C.  Hall,  Ann.  Rev.  Petrol.  Tech.,  6,  361-83  (1940). 

40  E.  H.  Reichl,  U.  S.  Naval  Technical  Mission  in  Europe,  Rept.  248-45  (1945V 
PB  22,841. 

41  H.  V.  Atwell  and  W.  C.  Schroeder,  Steinkohlen-Bergwerk  Rheinpreussen  Moers- 
Meerbeck,  Homberg,  Germany,  C.I.O.S.  File  XXV-6,  Item  30;  PB  412  (1945). 

42  C.  ( Hall,  Office  of  Gutenhoffnungshutte,  A.G.,  Sterkrade,  Ruhr,  C.I.O  S  File 
XXVII-70,  Item  30;  PB  975  (1945). 

43  C.  C.  Hall  and  V.  Haensel,  The  Fischer-Tropsch  Plant  of  Ruhrchemie  AG 
Sterkrade-Holten,  Ruhr,  C.I.O.S.  File  XXVII-69,  Item  30;  PB  415  (1945) 

44  W.  F.  Faragher,  W.  A.  Horne,  D.  A.  Howes,  H.  Schindler,  C.  C.  Chaffee,  H  L 
Nest,  and  L  Rosenfeld,  Supplemental  Report  on  Ruhrchemie  A.G.,  Sterkrade- 

Holten  (Oberhausen-Holten),  Ruhr,  C.I.O.S.  File  XXVH-96,  Item  30,  PB  1,366 

HCRflfrrn  and  W.  C.  Schroeder,  Fischer-Tropsch  Plant  of  Hoesch-Benzin 
H.G.,  at  Dortmund,  Germany,  F.I.A.T.  239;  PB  1  279  (19451 

W.  A.  Horne  and  J.  P.  Jones,  Fischer-Tropsch  Unit  at  Leipzig  Gas  Works 
Ltnpzrg  Germany  C.LO.S.  File  XXVII-08,  Item  30;  PB  204  (1945). 

r  ’  A  a  ’  Chemische  Werke  Essener  Steinkohle,  A.G  Berckamen  near 

.^M^IirtnrB^TK4,*h  PlMt' April  19  »• 

“t  ks,  ™sre'  ag-  C— ■ 
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were  operating  according  to  the  Ruhrchemie  process,  using  the  Co- 
Th02-MgO-kieselguhr  catalyst  at  180°-200°C,  at  either  1  or  10  atm 
pressure  and  with  two  or  three  stages  with  product  recovery  after  each 
stage.  The  average  yield  per  cu  m  of  2H2  +  ICO  gas  was  150  g  of  hy¬ 
drocarbons  ranging  from  propane-propylene  to  waxes  of  2,000  molecular 
weight.  The  space  velocity  employed  was  60-100  volumes  of  feed  gas 
per  volume  of  catalyst  space  per  hour. 

The  normal  synthesis  gas  required  for  the  Ruhrchemie  process  is  a 
mixture  of  2  volumes  of  hydrogen  and  1  volume  of  carbon  monoxide. 
Recent  practice  in  the  Ruhr,  when  cobalt  catalyst  was  used,  showed 
ratios  from  1.8  to  2.0  for  the  atmospheric-pressure  process  and  ratios  as 
low  as  1.5  for  the  medium-pressure  process.  In  the  Ruhrchemie  plant 
at  Sterkrade,  the  medium-pressure  process  used  a  H2/CO  ratio  of  about 
1.5  for  the  three  stages  of  the  synthesis.  This  ratio  was  maintained  by 
introducing  the  requisite  amount  of  “converted”  water  gas  before  each 
stage.  In  all  cases,  the  synthesis  gas  contained  inert  constituents  which 
seldom  exceeded  20  per  cent  by  volume. 

In  all  plants  in  the  Ruhr,  synthesis  gas  was  manufactured  from  coke 
in  standard-design  “blue  water-gas”  generators.  In  a  few  plants,  this 
process  was  supplemented  by  other  processes,  such  as  cracking  of  coke- 
oven  gas.  In  order  to  obtain  the  higher  ratio  of  hydrogen  to  carbon 
monoxide  required  for  the  standard  Fischer-Tropsch  operation,  it  was 
necessary  to  pass  a  portion  of  the  water  gas,  mixed  with  an  excess  of 
steam,  through  converters  containing  a  “shift”  catalyst  whereby  carbon 
monoxide  was  converted  into  hydrogen  and  carbon  dioxide.  An  iron 
oxide-chromium  oxide  catalyst  was  used  in  this  step  at  450°-500°C.  In 
two  plants  in  the  Ruhr,  a  high-hydrogen  gas,  produced  by  cracking  or 
reforming  coke-oven  gas,  was  mixed  with  water  gas,  thereby  reducing 
the  amount  of  water  gas  to  be  converted. 

At  the  Krupp  Fischer-Tropsch  plant  at  Wanne-Eickel  there  was  a 
large  commercial  installation  of  the  Krupp-Lurgi  process  foi  manu¬ 
facture  of  low-temperature  coke.  Most  of  this  coke  was  gasified  in  blue 
water-gas  machines,  and  it  yielded  a  hydrogen. carbon  monoxide  ratio  ot 
1.35,  which  is  closer  to  the  desired  ratio  for  synthesis  than  is  obtained 
from  high-temperature  coke.  Several  processes  for  the  complete  gasifica¬ 
tion  of  coal  were  developed  in  Germany,  and,  although  they  were  used 
for  production  of  hydrogen  for  coal  hydrogenation  or  synthetic-ammonia 
production,  the  same  plants  with  only  minor  modifications  could  have 
made  synthesis  gas.  The  Pintsch-Hillebrand,  the  Schmalfeldt-W  inter- 
shall,  and  the  Winkler  were  three  such  processes. 

The  Fischer-Tropsch  process  requires  synthesis  gas  in  which  the  total 
sulfur  does  not  exceed  2.0  mg  per  cu  m.  This  purification  was  done  in 
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two  stages:  (a)  removal  of  hydrogen  sulfide,  and  (b)  removal  of  organic 
sulfur.  Removal  of  hydrogen  sulfide  is  almost  universally  carried  out  by 
the  well-known  iron  oxide  process.  At  the  Luetzkendorf  plant,  the  so- 
called  Alkazid  process  had  been  installed,  in  which  a  solution  of  an 
alkaline  organic  compound  absorbed  the  hydrogen  sulfide,  which  was 
then  continuously  stripped  from  the  solution  by  steam.  At  Luetz¬ 
kendorf,  the  evolved  hydrogen  sulfide  was  converted  into  elemental 
sulfur.  Organic  sulfur  was  removed  in  all  the  German  Fischer-Tropsch 
plants  by  passing  the  synthesis  gas  through  an  alkalized  iron  oxide  cata¬ 
lyst  (containing  about  30  per  cent  Na2C()3)  at  280°C.  The  reaction  is 
essentially  catalytic  oxidation  of  the  organic  sulfur  in  the  gas,  and  it  is 
necessary  that  a  small  percentage  of  oxygen  (0.2-0. 4  volume  per  cent) 
or  air  be  present  in  the  synthesis  gas.  When  gums  or  gum-forming  ma¬ 
terials  were  present  in  the  synthesis  gas,  they  were  removed  by  passage 
of  the  gas  through  a  bed  of  activated  charcoal  before  passage  to  the 
organic-sulfur-removal  plant.  The  synthesis  gas  freed  from  hydrogen 
sulfide  and  gum-forming  constituents  was  preheated  in  a  heater  fired 
with  residual  gas  from  the  synthesis  and  then  passed  over  the  alkalized 


iron  oxide. 

• 

The  reactors  in  atmospheric-pressure  Fischer-Tropsch  plants  consist 
of  rectangular  steel  boxes  about  15  ft  long,  8  ft  high,  by  6  ft  deep.  These 
contain  vertically  placed  steel  sheets  about  2  mm  thick  and  spaced  about 
7  mm  apart.  The  spaces  between  the  steel  plates  contain  the  catalyst. 
The  steel  sheets  are  perforated  by  horizontally  placed  cooling  pipes  about 
5  cm  O.D.,  through  which  water  under  pressure  is  circulated.  The  cool¬ 
ing  tubes  are  manifolded  and  connected  to  a  steam  boiler  which  generates 
steam  for  power  and  heating  purposes.  Approximately  5  kg  of  steam  is 
generated  per  kg  of  oil  product.  The  reactors  in  the  medium-pressure 
(7-10  atm)  Fischer-Tropsch  plants  are  essentially  similar  to  tube  boilers 
except  that  the  tubes  are  double,  with  the  catalyst  contained  in  a  narrow 
annulus  between  two  concentric  tubes.  A  top  and  bottom  weld  through 
the  outer  tube  connects  the  inner  tube  with  the  boiler  space,  so  that  it  is 
hlled  with  cooling  water.  The  annular  layer  of  catalyst  is  24  mm  I  D., 

mm  and  lo  ft  high.  Each  reactor  contains  about  2,000  such 
tubes  welded  into  tube  sheets  and  is  about  8  ft  in  diameter.  The  weight 
vo  ume,  cooling  surface,  and  capacity  of  the  atmospheric-  and  medium- 
pressure  converters  are  listed  in  Table  11.  Table  12  shows  the  number 
of  reactors  m  different  stages  at  several  of  the  German  plants 
Rhempreussen  at  Moers  operated  96  conventional  Ruhrchemie  at 
rdterTeSSUre  !’eaCt0rS’  °f  which  60  were  normally  in  the  first  stage 

of  1 9? -200° CeC<Th  Stag?v  The  °Perating  temPerature  was  in  the  range 
19o  200  C.  The  synthesis-gas-charging  rate  averaged  about  030  cu 
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Table  11.  Ruhrchemie  Reactor  Characteristics 


Atmospheric 

Middle 

Pressure 

Pressure 

Weight,  tons 

45 

45 

Volume  (total),  cu  ft 

650 

950 

Volume  (catalyst),  cu  ft 

350 

350 

Finned  surface,  sq  ft 

38,700 

None 

Tube  surface,  sq  ft 

4,300 

22,600 

Capacity,  bbl  of  primary 

product  per  day 

18 

18 

Table  12.  Multistage  Operation  at  Several  German  Plants 


Number  of  Reactors 


< - 

- 1 

Pres- 

Stage 

Stage 

Stage 

sure, 

Name 

Location 

1 

2 

3 

atm 

Hoesch-Benzin 

Dortmund 

40 

16-20 

4-8 

10-15 

Ruhrbenzin 

Sterkrade 

136 

18-20 

14 

11 

1 

48  total 

1 

Rheinpreussen 

Moers 

60 

30 

0 

1 

Klocknerwerke 

Castrop-Itauxel 

63  total 

1 

m  per  hr  per  reactor.  The  total  liquid  product,  including  gasol  (C3  and 
C4),  averaged  150-155  g  per  cu  m  of  2H2  +  ICO.  The  product  distribu¬ 
tion  is  shown  in  Table  13. 


Table  13.  Rheinpreussen  Product  Distribution 


Constituent 

Per  Cent 

Gasol  (C3  +  C4) 

10.0 

Gasoline 

52.2 

Diesel  oil 

26.5 

Soft  paraffin  wax 

7.6 

Hard  paraffin  wax 

3.7 

Ruhrbenzin  at  Sterkrade-Holten  operated  about  48  atmospheric- 
pressure  reactors  and  72  middle-pressure  reactors,  all  of  conventional 
design.  The  normal-pressure  reactors  were  operated  in  two  stages  on 
feed  gas  containing  the  usual  2  volumes  of  hydrogen  and  1  volume  o 
carbon  monoxide.  The  arrangement  of  the  middle-pressure  reactors 
is  Shown  in  Figure  4.  In  this  operation,  the  hydrogen: carbon  monoxide 
ratio  of  the  inlet  gas  to  the  three  stages  is  adjusted  to  about  1.5  by 
introducing  the  requisite  amount  of  converted  water  gas  befoie  e. 

htaFor  stage  1  of  the  medium-pressure  operation,  the  inlet-gas  rate  is 
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1,000  cu  m  per  hr  per  reactor,  the  temperature  180°-200°C,  and  the  gas 
contraction  50  per  cent.  Similar  conditions  obtain  for  stage  2.  In  stage 
3,  where  all  newly  charged  ovens  are  started,  higher  rates,  namely,  2,000 
cu  m  per  hr  per  reactor,  and  lower  temperatures,  165°-185°C,  can  be 
employed.  The  overall  contraction  is  about  75  per  cent,  and  the  yield 
150  g  of  C3  and  higher  hydrocarbons  per  cu  m  of  I.5H2  +  ICO.  The 
advantage  of  using  a  gas  relatively  deficient  in  hydrogen  and  main- 
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Figure  4-4.  Flow  scheme  for  synthesis  cycle  used  at  Sterkrade  (Ruhrchemie 
A.G.-Ruhrbenzin  A.G.,  Sterkrade).  Reproduced  from  reference  77. 


taming  the  same  proportion  of  hydrogen  in  all  stages  lies  in  combining 
the  beneficial  effects  of  low  hydrogen  partial  pressure  on  olefin  content 
and  methane  production  with  the  efficient  utilization  of  the  carbon 
monoxide  achieved  with  normal  synthesis  gas  (2H2  +  ICO).  Products 
obtained  with  this  method  of  operation  are  shown  in  Table  14.  When 

Table  14.  Product  at  Ruhrbenzin,  Sterkrade-Holten 


Gasol  (C3  +  C4) 

C5 to  170°C  « 
170°-280°C 
280°-340°C  (soft  wax) 
Residue  (hard  wax) 

°  Motor  octane  number  about  45. 


Weight. 

Per  Cent 

Per  Cent  of 

of  Olefins 

Total  Product 

in  Fraction 

10 

40 

25 

24 

30 

9 

20 

15 
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normal  synthesis  gas  (2H2  -f-  ICO)  is  used  throughout,  14  per  cent  of  the 
total  hydrocarbons  produced  is  methane,  but  with  the  above  scheme,  the 
proportion  is  reduced  to  10  per  cent.  The  middle-pressure  synthesis 
yields  two  to  three  times  as  much  wax  as  that  at  atmospheric  pressure. 


DESCRIPTION  OF  RUHRCHEMIE-TYPE  PLANTS  AND 

OPERATING  DATA 


Ruhrchemie  A.G.  Plant  at  Sterkrade-Holten 


Water-gas,  steam,  and  cooling-water  supplies.  The  water  gas 
required  is  produced  in  eleven  fully  automatic  Humphreys  and  Glasgow- 
type  generators  ranging  in  capacity  from  6,200  to  6,800  cu  m  per  hr; 
allowing  for  the  reserve  capacity  required  for  repair  work  and  operating 
difficulties,  the  capacity  of  the  plant  is  65,000  cu  m  per  hr.  Coke  ovens 
in  the  neighborhood  supply  the  daily  requirement  of  100  tons  of  coke  of 
40-100-mm  size  and  minimum  carbon  content  of  85  per  cent.  To  pro¬ 
duce  1  cu  m  of  water  gas  1  kg  of  steam  is  required,  of  which  ^  is  produced 
in  the  water  jackets  of  the  generators  and  §  in  waste  heat  boilers.  The  air 
needed  for  the  blow  periods  in  the  generators  is  supplied  by  nine  blowers 
driven  by  steam  at  18  atm  pressure  obtained  from  the  waste  heat  boilers. 
The  steam  pressure  is  thus  reduced  to  2.5  atm  before  passage  to  the 


generators. 

Feed  water  for  power  plant,  gas  generators,  and  the  synthesis  plant  is 
demineralized  in  the  permutit  base  exchange  system  and  degassed  by 
heating  to  70°C  at  subatmospherie  pressure  to  remove  dissolved  oxygen 
and  carbon  dioxide.  Return  cooling  water  from  the  synthesis  plant  is 
cooled  in  two  atmospheric-pressure  cooling  towers  whose  combined  ca¬ 
pacity  is  about  6,000  cu  m  per  hr. 

Sulfur-removal  plant;  construction  and  operation.  From  the 
gasholder  the  water  gas  goes  to  the  sulfur-removal  plant.  In  the  first 
part  which  is  known  as  the  rough  or  dry  purification,  hydrogen  sulfide  is 
removed.  The  original  sulfur  content,  3-4  g  per  cu  m,  is  reduced  to 
0.0.5 -0.1  g  per  cu  m  after  the  dry  purification.  The  plant  consists  ot 
eight  purification  towers  of  11.3-m  diameter  and  9.8-m  height.  Each 
tower  contains  approximately  600  tons  of  purifying  material  distributed 
in  sixteen  layers,  each  400  mm  high,  on  wooden  grids.  1  he  gas  passes 
parallel  through  all  the  layers  at  a  velocity  of  about  1  m  per  sec;  groups 
Of  three  purifiers  are  operated  in  series.  Cutting  in  and  out  the  in¬ 
dividual  purifiers  is  done  through  water  seals.  The  temperature  is  be¬ 
tween  20°  and  40°C.  The  purification  material  is  LT  A per 

49  5  per  cent  moisture  and  having  an  ignition  (at  4/o  C)  loss  ol  o.4  pci 
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cent.  The  air-dried  and  ignited  material  contains  3.4  per  cent  moisture, 
0.8  per  cent  Si02,  56.0  per  cent  Fe203,  27.4  per  cent  AI2O3,  6.2  per  cent 
CaO,  1.9  per  cent  S03,  2.2  per  cent  C02,  2.1  per  cent  unaccounted  for. 
The  purification  material  can  be  used  about  6  months,  in  which  time  it 
takes  up  sulfur  equal  to  45  per  cent  of  its  own  wet  weight.  The  ca¬ 
pacity  of  four  purifiers  is  40,000  cu  m  per  hr,  with  one  purifier  in  a  group 
of  four  being  refilled  or  standing  in  reserve.  The  spent  material  is  sold ; 
it  is  further  processed  and  the  sulfur  recovered. 

The  rough  purification  is  followed  by  a  finer  one  to  remove  the  com¬ 
bined  organic  sulfur.  This  consists  mainly  of  COS  and  CS2  at  a  con¬ 
centration  of  about  0.2  g  per  cu  m.  The  active  life  of  the  catalyst  for  the 
synthesis  depends  among  other  factors  on  the  efficiency  of  the  sulfur  re¬ 
moval  from  the  water  gas.  The  sulfur  compounds  are  removed  by 
splitting  and  at  the  same  time  combining  with  alkaline  Luxmasse  at 
temperatures  from  200°  to  300°C.  The  fine  purification  plant  consists 
of  five  units  followed  by  a  final  purification  unit.  Each  unit  consists  of 
a  gas  heater  and  two  towers  of  4.2-m  diameter  and  10.5-m  height.  Two 
types  of  tower  are  used.  In  the  “basket  type”  the  purification  material 
is  contained  in  six  to  eight  separate  containers  which  are  charged  ex¬ 
ternally  and  then  lowered  into  the  tower.  The  internal  arrangements 
ot  the  tower  are  such  that  the  gas  passes  through  the  containers  in  par¬ 
allel.  The  second  type  of  tower  contains  two  coaxial  vertical  sieves,  be¬ 
tween  which  the  purification  material  is  held  in  a  layer  0. 9-1.0  m  thick. 
The  basket  type  ot  tower  can  be  charged  more  quickly,  and  the  purifica¬ 
tion  material  in  it  has  a  longer  life  than  in  the  other  type.  However 
difficulty  is  sometimes  experienced  in  sealing  each  container  into  place 
inside  the  tower,  the  gas-tight  seals  being  made  with  finely  divided 
purification  material.  The  towers  with  baskets  contain  60  tons  and 
those  with  the  screens  70  tons  of  purifying  material.  The  two  towers  of 
each  unit  are  operated  in  series  with  a  heat  exchanger  between  them  to 
regulate  the  gas  temperature  in  the  second  tower  and  to  preheat  the  gas 
o  the  first  tower.  The  gas  heater  consists  of  the  combustion  chamber 
where  exit  gas  from  the  synthesis  is  burned  at  a  temperature  of  600°- 
400  C  and  a  bundle  of  steel  tubes  made  of  heat-resisting  steel  at  the 
ower  (hot)  end  and  of  ordinary  steel  at  the  upper  (cooler)  end  The  in 

exchanger-  ,th™ — &  itz 

tW0  Nnal  Purification 
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necessary.  These  two  purifiers  are  used  as  a  safety  measure,  because, 
after  a  tower  in  the  main  purification  system  is  refilled,  an  induction 
peiiod  exists  during  which  the  new  material  is  not  functioning  efficiently. 

Some  operating  data  for  sulfur  removal  are  given  in  Table  15.  The  life 
of  a  unit  under  normal  load  is  about  40  days,  after  which  the  material  in 
the  first  tower  is  completely  spent.  The  second  tower  is  then  used  as  the 
first. 

Table  15.  Ruhrchemie  Organic-Sulfur-Removal  Operating  Data 


Temperature,  °C 

Sulfur,  g  per 

100  cu  m 

Before  Tower  1 

Before  Tower  2 

After  Tower  2 

Days 

Tower  1 

Tower  2 

Organic 

Sulfur 

h2s 

Organic 

Sulfur 

H2S 

Organic 

Sulfur 

H2S 

2 

200 

180 

2.3 

20.2 

<0.05 

4.2 

<0.05 

<0.05 

18 

230 

200 

3.1 

20.1 

<0.05 

5.2 

<0.05 

<0.05 

33 

255 

215 

3.4 

20.4 

<0.05 

5.2 

<0.05 

<0.05 

43 

270 

220 

3.5 

20.1 

0.09 

6.2 

0.12 

0.2 

The  fine  purification  material  consists  of  a  mixture  of  iron  hydroxide 
and  soda.  When  air-dried,  this  mixture  contains  8.0  per  cent  moisture, 
59.5  per  cent  Fe203,  29.0  per  cent  Na2C03,  and  3.5  per  cent  S03.  The 
granule  size  is  10-15  mm.  The  spent  material  contains  33  per  cent 
Na2S(>4,  0.3  per  cent  Na2S03,  and  4  per  cent  Na2CG3. 

Before  the  water  gas  enters  the  hydrogen  sulfide-removal  system,  air 
is  added  to  the  gas  to  give  it  an  oxygen  content  of  0.4  per  cent.  Of  this, 
0.2  per  cent  is  consumed  in  the  hydrogen  sulfide-removal  system,  the 
remainder  in  the  organic  sulfur  removal  by  the  formation  of  sodium 
sulfate. 

Hydrogen  production  (CO  conversion);  construction  and  oper¬ 
ation.  For  the  hydrocarbon  synthesis  a  gas  is  required  in  which  the 
ratio  of  carbon  monoxide  to  hydrogen  is  1 : 2,  whereas  in  water  gas  this 
ratio  is  only  1:1.3.  For  this  reason  the  catalytic  water-gas  process  is 
used  to  produce  the  additional  required  hydrogen.  About  one-third  of 
the  water  gas  is  treated.  The  carbon  monoxide  in  the  water  gas  reacts 
with  steam  to  give  carbon  dioxide  and  hydrogen  as  given  in  the  following 

equation : 

CO  +  H20  ^  C02  4-  H2 
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The  catalyst  is  Fe203,  containing  6.6  per  cent  Cr203,  22.2  per  cent  CaO, 
6.4  per  cent  MgO,  6.2  per  cent  Si02,  3.0  per  cent  A1203,  6.1  per  cent  C02, 
2.3  per  cent  S03,  and  consists  of  hard  granules  0.5-0.75  in.  in  size.  The 
converter,  3.2  m  diameter,  contains  26—28  tons  of  catalyst  in  four  layeis, 
each  750  mm  high.  Below  the  converter  is  a  heat  exchanger  with  an 
area  of  1,400  sq  m.  Converter  and  heat  exchanger  have  a  combined 
height  of  14.50  m.  The  water  gas,  before  reaching  the  converter,  passes 
through  a  saturation  tower  (2.40  m  diameter,  27  m  height)  where  it  is 
saturated  at  70° C.  The  water  used  in  the  saturation  tower  comes  from 
the  cooler  and  cools  the  converted  water  gas  leaving  the  converter.  A 
steam  injector,  operating  at  9  atm  gauge,  forces  the  gas  from  the  satura¬ 
tion  tower  through  the  heat  exchanger  into  the  converter,  supplying  at 
the  same  time  the  required  steam  for  the  reaction.  The  heat  exchanger 
transfers  heat  from  the  converted  gas  to  the  incoming  gas.  The  con¬ 
verted  gas  finally  passes  through  a  cooling  tower  (3.10  m  in  diameter, 
27  m  in  height,  Raschig  rings  packing  in  five  layers)  and  leaves  the  plant 
at  25°-30°C.  In  the  cooler  and  saturator  some  hydrogen  sulfide  is 
formed  through  the  action  of  certain  bacteria  on  the  calcium  sulfate  in 
the  water.  Since  the  converted  gas  passes  immediately  into  the  hydro¬ 
carbon  synthesis  reactors,  the  hydrogen  sulfide  formation  has  to  be 
eliminated.  This  is  done  by  circulating  the  cooling  water  in  a  separate 
circuit  over  an  atmospheric-pressure  cooling  tower.  The  condensation 
of  the  excess  steam  from  the  converter  provides  a  sulfate-free  condensate 
lor  the  cooler  and  saturator.  During  any  irregularities  in  the  water 

circulation  the  action  of  the  bacteria  is  inhibited  by  the  addition  of  zinc 
chloride. 

Ihe  i  eduction  ol  steam  by  carbon  monoxide  is  exothermic  and  takes 
place  at  temperatures  from  420°  to  480°C.  The  catalyst  in  the  first 
layer  is  at  3fO°C.  After  the  second  layer  a  residue-free  condensate  is 
injected  to  control  the  rising  temperature  and  save  steam.  An  increase 
in  excess  steam  is  required  with  a  rise  in  temperature  to  cause  the  re¬ 
action  to  go  to  the  right.  In  commercial  practice  0.8-1. 0  kg  of  steam 
per  cu  m  of  water  gas  is  required  when  saturation  and  condensate  in¬ 
jection  is  not  employed.  By  saturation  and  injection  the  consumption 
is  reduced  to  0.6-0.7  kg  per  cu  m.  If  condensate  with  a  residue  on 

V  T  2_5  TS  Pe''  ‘  iS  ‘10t  available'  injection  has 

na  of  tl  e  c  ’  T  t  f,  T  C°ntent  in  the  co'al™sate  causes  block- 
fe  of  the  catalyst,  t  rust  formation  on  the  catalyst  due  to  the  salts  in 

the  steam  and  condensate,  and  tire  deterioration  „f  the  catelyst  from 

mechamca1  action  of  the  gas,  limit  its  life  to  about  2  years.  If  alter  this 

years  Th^SV  T*™?  7  rem0ve  fines- its  ,ife  »  extended  to  3-4 
>ears.  Ihe  hrst  heating  oi  the  catalyst  to  reaction  temperature  of 
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370  400  C  is  done  with  Hue  gas  from  a  small  gas  burner.  On  passing 
water  gas  and  steam  over  the  catalyst,  it  is  first  reduced  and  after  a  few 
hours  is  ready  for  normal  operation.  Before  an  extended  shutdown,  the 
catalyst  is  oxidized  with  a  mixture  of  steam  and  air,  or  preferably  ni¬ 
trogen  and  air.  The  plant  consists  of  five  converters  each  of  6,000- 
cu-m-per-hr  capacity,  two  saturators,  three  coolers  (one  reserve),  and 
the  necessary  pumps  for  the  cooling-water  circulation  and  wetting  of 
the  saturators. 

Blower  house.  Three  gas  blowers  of  total  capacity  160,000  cu  m 
per  hr  draw  all  the  water  gas  through  the  hydrogen  sulfide-removal  units 
and  force  it  into  the  synthesis  plant.  Under  normal  load  two  40,000- 
cu-m-per-hr  gas  blowers  or  one  80,000-cu-m-per-hr  blower  are  in  opera¬ 
tion;  hence,  the  reserve  capacity  is  100  per  cent.  The  hydrogen  sulfide 
scrubbers  are  placed  on  the  suction  side  of  the  gas  blowers  to  enable  re¬ 
moval,  in  these  scrubbers,  of  the  remaining  dust  (20  mg  per  cu  m)  in  the 
water  gas,  because  this  dust  deposits  on  the  blower  impeller,  causing 
serious  damage.  The  disadvantage  of  this  method  is  the  presence  of  a 
negative  pressure  in  the  hydrogen  sulfide  scrubbers  (minimum  allow¬ 
able,  —  500  mm  II20).  This  condition  also  reduces  the  capacity  of  the 
gas  blowers,  since  they  are  designed  for  a  suction  pressure  of  100  mm 
water  instead  of  —500  mm  water  now  present.  In  view  of  this  con¬ 
dition  it  was  planned  to  install  an  electric  dust  precipitator  so  that  the 


sas  blowers  could  be  installed  before  the  hydrogen  sulfide  scrubbers. 
© 

Two  air  blowers  of  1,000-cu-m-per-hr  capacity  serve  to  supply  the  air  in 
the  sulfur-removal  reactions. 

Compressor  house.  Four  turbocompressors  each  of  20,000-cu-m- 
per-hr  capacity  anti  one  of  35,000-cu-m-per-hr  capacity  supply  synthesis 
gas  for  the  medium-pressure  synthesis.  For  the  normal  load  ol  the 
medium-pressure  synthesis,  about  50,000  cu  m  per  hr  of  synthesis  gas 
has  to  be  compressed.  This  requires  either  the  operation  of  three  20,000- 


cu-m  compressors  or  the  35,000-cu-m  and  a  20,000-cu-m  compressor. 
One  20,000-cu-m  compressor  is  used  on  the  converted  water  gas  which 
goes  through  the  carbon  dioxide  scrubbers.  Including  the  35,000-cu-m 
compressor  installed  for  the  olefin  synthesis,  the  reserve  capacity  is  100 
per  cent.  In  front  of  the  compressor  house  are  two  spray  cooling  towers, 
4  m  in  diameter  and  16  m  high,  which  cool  to  25°C  the  hot  gas  coming 
from  the  organic-sulfur-removal  units.  Heat  exchangers  transfer  part  of 
the  heat  to  hydrogen  going  to  the  atmospheric-pressure  synthesis. 
These  coolers  are  in  the  same  water  circuit  as  the  carbon  monoxide  con¬ 
version  plant,  because  also  in  them,  hydrogen  sulfide  formation  through 
bacterial  action  must  be  averted.  Finally,  there  are  two  pump-tur  nne 
units  to  pump  the  converted  water  gas  through  the  carbon  dioxide 
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scrubbers  to  the  medium-pressure  synthesis.  The  pumps  supply  two 
scrubbing  towers  of  3-m  diameter,  10-m  height,  and  filled  with  50-mm 
Raschig  rings.  Water  under  pressure  flows  from  the  scrubbers  over  the 
turbine  to  the  degassing  tower  which  has  a  cross-sectional  area  of  18  by 
18  m  and  is  30  m  high.  Four  ventilators  of  450,000-cu-m-per-hr  capacity 
ventilate  the  tower.  This  tower  was  used  temporarily  also  for  the  cooling 
water  of  the  carbon  monoxide  conversion  plant,  and  a  separate  indirect 
cooling  system  was  planned  for  the  carbon  monoxide  plant.  The  tem¬ 
porary  procedure  resulted  in  a  higher  water  temperature  and  in  a  less 
effective  scrubbing  out  of  carbon  dioxide  from  the  converted  water  gas. 
The  scrubbing  towers  have  a  capacity  of  10,000  cu  m  per  hr  of  gas  and 
1,400  cu  m  per  hr  of  scrubbing  water.  The  carbon  dioxide  concentra¬ 
tion  is  decreased  from  29  to  10  per  cent;  at  the  same  time  there  is  a  loss 
of  2.5  per  cent  of  carbon  monoxide  and  hydrogen  based  on  the  volume 
of  gas  entering  the  towers.  Following  the  scrubbing  towers  are  a  spray 
separator  and  a  floating  valve  which  prevent  water  discharge  into  the 
gas  lines. 

The  carbon  dioxide  (about  3,500  cu  m  per  hr)  scrubbed  out  from  the 
converted  water  gas  has  so  far  not  been  used.  It  was  planned  to  recover 
a  carbon  dioxide-rich  gas  by  reducing  the  pressure  in  a  larger  receiver 
(already  present)  through  which  the  water  from  the  scrubbing  towers 
would  pass  before  entering  the  degassing  towers.  Carbon  dioxide  is  used 
as  a  safety  gas  in  many  parts  of  the  plant. 

Hydrocarbon  synthesis.  Into  the  hydrocarbon  synthesis  reactors, 
purified  water  gas  with  the  required  ratio  of  hydrogen :  carbon  monoxide 
is  fed  by  blowers  and  compressors  for  the  normal-  and  medium -pressure 
synthesis,  respectively.  The  synthesis  reaction  is: 


nCO  +  2nH2  (CII2)n  +  wH20 

Because  of  the  large  amount  of  heat  evolved,  the  main  problem  in  design 
ot  the  reactors  concerns  rapid  and  efficient  heat  transfer.  Synthesis 
temperature  is  controlled  by  regulation  of  the  steam  pressure  in  the 

p,p1  *ystfm  °f  thf  The  reaction  temperatures  are 

180  -200  C  and  are  kept  within  0.5“C  limits.  The  catalyst  consists  of 
obalt-magnesium  oxide-thorium  oxide  and  is  supported  on  kieselguhr 
The  glam  size  of  the  catalyst  is  2-3  mm.  The  composition  by  weight  is 
as  fol  ows:  30  per  cent  Co,  2.5  per  cent  MgO,  1  5  per  cent  Tl 
cent  kieselguhr.  The  volume  of  catalyst  per  reactor  is  1  1 4o  cu 

in  Closed  buckets  under  an 
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cranes  on  tracks  empty  the  buckets  into  the  top  of  the  reactors.  The 
cranes  have  a  carrying  capacity  of  GO  tons  and  can  lift  an  entire  reactor 
which  weighs  46-49  tons. 

The  first  technical  large-scale  Fischer-Tropsch  synthesis  was  carried 
out  at  atmospheric  pressure  in  Sterkrade-Holten  by  the  Ruhrchemie. 
The  synthesis  building  houses,  in  the  east  half,  52  low-pressure  reactors. 
Each  reactor  is  5  m  long,  1.50  m  wide,  and  2.50  m  high  and  is  a  sheet- 
metal  box  through  which  630  34-mm-O.D.,  29-mm-I.D.  parallel  pipes 
pass.  At  right  angles  to  the  pipes  are  555  sheet-metal  plates  through 

which  the  pipes  pass.  These  plates 
are  1.6  mm  thick,  and  the  distance 
between  them  is  7.4  mm.  The  open 
space  between  the  plates  contains 
the  catalyst,  and  removable  screens 
at  the  bottom  prevent  the  grains 
from  falling  into  the  oil  sump  below 
the  reactor.  The  water  tubes  are 
connected  to  tube  sheets  at  each  end 
of  the  chamber.  The  tube  sheets  are 
united  in  a  steam  drum.  An  electric 
controller  regulates  the  steam  pres¬ 
sure  in  the  steam  drum  which  in 
turn  controls  the  temperature  in  the 
water  tubes.  There  is  a  steam  drum 
for  every  2  reactors.  Heat  from  the  reaction  transferred  to  the  water  in 
the  tubes  is  equivalent  to  5  kg  of  steam  per  kg  of  liquid  product.  The 
allowable  pressure  in  the  catalyst  space  is  0.3  atm  gauge  and  in  the  watei 
tubes  30  atm  gauge. 

The  reactors  are  constructed  of  ordinary  steel.  The  tubes  are  ex¬ 
panded  into  the  plates  either  by  hydraulic  pressure  or  by  drawing 
through  the  tubes  a  steel  ball  of  slightly  larger  diameter  than  that  of  the 
tubes.  Ruhrchemie  has  reactors  made  by  both  methods  and  has  found 
that  those  made  in  the  second  way  are  more  satisfactory.  In  the  pre¬ 
ferred  type  of  construction  of  the  cooling  system,  each  cooling  tube  is 
fitted  directly  into  the  water  chambers  at  each  end  of  the  reactor.  This 
construction  is  illustrated  in  Figure  5.  In  some  of  the  Ruhrchemie  ovens 
adjacent  tubes  are  combined  to  give  tube  coils  of  different  sizes,  and  only 
each  end  of  each  coil  is  connected  to  the  end  water  chambers.  In  ovens 
of  this  type  of  construction,  overheating  occurred  more  frequently  than 

in  the  type  illustrated  in  Figure  5. 

The  hydrocarbons  of  the  synthesis  consist  of  gaseous,  liquid,  and  solid 
products.  Gasol  (C3  +  C4  mostly),  light  naphtha,  and  oil  leave  the 


Figure  4-5.  Atmospheric-pressure 
Fischer-Tropsch  converter. 
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reactors  as  vapor  in  the  exit  gas  and  are  recovered  in  the  equipment  that 
follows.  Some  paraffin  wax  remains  with  the  catalyst  and  accumulates 
to  50  per  cent  of  the  catalyst  weight.  The  essential  features  of  the 
atmospheric-pressure  synthesis  are  outlined  in  Table  1G  for  the  Ruhr¬ 
chemie  A.G.  plant  at  Sterkrade-Holten  49-50  and  for  the  Rheinpreussen 
plant  at  Moers-Meerback.41  The  analysis  of  the  residual  gas  from  the 
Rheinpreussen  plant  appears  to  be  incorrectly  reported;  the  hydrogen 
and  carbon  monoxide  contents  are  too  low  to  fit  the  data  on  yield  of 
products. 

Table  16.  Operating  Data,  Atmospheric  Pressure  Synthesis  on  Cobalt- 
Thoria-Magnesia-Kieselguhr  Catalysts 


Company 
Location  of  plant 
Date  of  operation 


Ruhrchemie,  A.G. 
Sterkrade-Holten 
1943-1944 


Steinkohlen-Bergwerk 
Rheinpreussen,  Moers-Meerback 
1941-1942 


Stage  number 

Synthesis  gas,  1,000  cu  m  per  hr 
Number  of  reactors  in  use 
Gas  analyses,  volume  per  cent 

C02 

C„Hm 

CO 

H2 

ch4 

n2 

Contraction,  per  cent 


1 

2 

1+2 

15.5-17.5 

18-21 

9-11 

27-32 

In  gas 

In  gas 

Residual  gas 
from  2d  stage 

14.4 

29.6 

44.2 

0.0 

1.5 

2.0 

26.7 

17.8 

9.7 

53.2 

33.7 

16.0 

0.4 

7.0 

13.2 

5.3 

10.4 

14.9 

49.3 

31.5 

65.4 

Stages  1  +  2 

1 

2 

1  +  2 

66.1 

60 

30 

90 

In  gas 

In  gas 

Residual  gas 
from  2d  stage 

8.9 

21.0 

34.4 

0.0 

0.3 

1.1 

26.2 

15.7 

3.3(?) 

51.5 

28.7 

7.0(?) 

0.7 

7.6 

14.9 

12.4 

26.6 

39.2 

52.8 

32.1 

68.3 

Stages  1  +  2 


Product  distribution 
C02 

Ci  +  c2 

Gasol 

% 

Gasoline 
Diesel  oil 
Soft  wax 
Hard  wax 

Total  liquids  and  solids 

CO  unconverted,  per  cent  of  total 

CO 


Boiling 
Range,  °C 

g  per  cu  m 

of 

CO  +  2H2 

Per  Cent 
of 

CO  Reacted 

Boiling 
Range,  °C 

g  per  cu  m 

of 

CO  +  2H2 

Per  Cent 
of 

CO  Reacted 

To  200 
200-320 
320-360 
Above  360 

28.1 

21.9 

76.2 

33.2 

9.9 

3.7 

123.0 

4.9 

15.4 

10.2 

35.5 

15.5 

4.6 

1.8 

67.6 

To  160 
160-320 
320-360 
Above  360 

21.2 

63.6 
44.2 

10.7 

3.5 

122.0 

7.5 

15.5 

9.9 

29.4 

20.6 

5.0 

1.6 

66.5 

12.1 

10.5 

49  T.O.M.  Reel  35,  Bag  3,440,  Item  83. 

Coh'iwjld  ,fs  £££  on  Concerning  the  Fischer- 

nociucts,  B.I.O.S.  Final  Rept.  1722,  Item  22;  PB  93,498. 
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The  procedure  used  by  Ruhrchemie  in  starting  a  freshly  charged  re¬ 
actor  and  maintaining  its  activity  is  outlined  as  follows: 


1.  The  reactor  is  always  started  in  stage  II,  by  heating  up  to  100°- 
125°C  after  flushing  with  stage  II  feed  gas.  It  is  kept  at  that  tempera¬ 
ture  for  5  hr  without  gas  flow. 

2.  Gas  flow  is  then  started  at  the  rate  of  250  cu  m  per  hr,  while  the 
temperature  is  increased  at  the  rate  of  5°C  per  hr  until  160°C  is  reached, 
and  then  at  1°C  per  hr  until  a  contraction  of  60  per  cent  is  reached. 

3.  The  gas  rate  is  then  increased  to  500  cu  m  per  hr,  which  causes  a 
drop  in  contraction  to  40  per  cent.  The  temperature  then  is  increased 
1°C  per  hr  until  a  45  per  cent  contraction  is  obtained.  The  gas  rate 
then  is  increased  to  1,000  cu  m  per  hr,  which  again  results  in  a  drop  in 
contraction  to  40  per  cent.  A  45  per  cent  contraction  is  reached  by  again 
increasing  the  temperature  1°C  per  hr. 

4.  The  flow  of  gas  is  increased  to  its  final  value  of  1,400  cu  m  per  hr, 
and  the  temperature  increased  1°C  per  hr  until  55-60  per  cent  con¬ 
traction  occurs.  Thereafter,  this  degree  of  contraction  is  maintained  by 
increasing  the  temperature  when  necessary  to  compensate  for  any  de¬ 
crease  in  catalyst  activity. 

5.  When  a  reaction  temperature  of  190°-191°C  is  reached,  the  cata¬ 
lyst  is  regenerated  by  extraction  with  solvent,  which  may  be  lolloped  by 
treatment  with  hydrogen.  The  converter  is  again  put  into  operation  in 
stage  II  at  175°C  for  2  days.  It  is  then  transferred  to  stage  I. 

6.  After  30  days  in  stage  I,  192°C  is  reached.  Regeneration  of  the 
catalyst  lowers  this  to  180° C.  Succeeding  regenerations  are  made  when 
the  synthesis  temperature  reaches  193°,  195°,  198°,  and  200°C  after  50, 


70,  90,  and  110  days,  respectively. 

The  normal  rate  of  temperature  increase  for  both  stages  is  1°C  every 
2-3  days.  In  stage  I  the  initial  gas  rate  of  1,000-1,200  cu  m  per  hr  is 
decreased  about  100  cu  m  per  hr  per  month  until  800  cu  m  per  hr  is 
reached.  Thereafter  the  gas  rate  is  maintained  at  that  value.  For 
various  reasons  the  ideal  schedule  outlined  above  could  not  be  followed 
at  Sterkrade-Holten.  The  chief  reason  was  insufficient  supply  ol  water 
o-as.  The  medium-pressure  plant  and  full-scale  experimental  plants  w ei  e 
favored  with  an  adequate  gas  supply,  anti  any  deficiency  resulted  in  an 
inadequate  supply  to  the  atmospheric-pressure  plant,  , 

In  the  periodic  catalyst  regenerations  a  fraction  of  the  oil  pi 
boiling  in  the  range  140°-200°C  is  sprayed  into  the  top  of  the  reac  or 
which  is  kept  at  100°C.  The  extraction  is  continued  (for  12-  5  hr) 
until  the  wax  content  of  the  catalyst  has  been  decreased  to  1-2 pen sen  . 
Usually  2-2.5  tons  of  wax  is  recovered  lrom  one  icaito  . 
treatment  ordinarily  is  adequate  to  regenerate  the  catalyst  as  md.cat 
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by  the  appreciably  lower  operating  temperature  necessary  to  maintain 
a  55-60  per  cent  contraction.  If  the  catalyst  does  not  respond  satis¬ 
factorily  to  this  treatment,  it  is  exposed  to  a  flow  of  1,000  cu  m  per  hr 
per  reactor  of  hydrogen  at  about  200° C  for  7-10  hr  at  atmospheric 
pressure.  The  average  industrially  useful  life  of  a  charge  of  catalyst  is 
about  4  months.  This  can  be  prolonged  to  6  or  8  months,  if  desired,  by 
more  frequent  regenerations.  At  the  end  of  6-8  months  the  catalyst 
does  not  respond  to  further  solvent  extractions  and  treatment  with  hy¬ 
drogen  at  200°C.  Ruhrchemie  reports  50  that  further  revivification  can 
be  achieved  by  a  procedure  which  is  essentially  a  rereduction  of  the  cata¬ 
lyst.  This  procedure  consists  in  passing  dry  hydrogen  or  75  per  cent 
H2  +  25  per  cent  N2,  free  from  CO  and  C02,  over  the  catalyst  at  2,000 
space  velocity  per  hour.  The  temperature  is  kept  at  200°  C  for  1.5  hr 
and  then  rapidly  increased  to  450° C  during  the  next  2  hr  and  maintained 
at  450° C  for  an  additional  2  hr.  This  treatment  removes  about  98  per 
cent  of  the  wax  and  carbon,  about  80  per  cent  of  the  sulfur,  and  about 
50  per  cent  of  the  oxygen  content  of  the  spent  catalyst.  By  means  of  a 
combination  of  such  rereduction  and  solvent  extraction  the  catalyst  life 
may  be  extended  to  12—14  months.  1  his  has  not  been  done  on  a  com¬ 
mercial  scale  by  Ruhrchemie  because  of  shortage  of  hydrogen.  In  re- 
reduction  the  hydrogen  cannot  be  recycled  as  in  the  reduction  of  a  fresh 
catalyst  because  of  the  methane  content  of  the  off  gas.  Another  reason 
is  the  necessity  of  removing  the  charge  from  the  converter  because  the 
temperature  of  the  rereduction,  450°C,  cannot  be  reached  in  the  com¬ 
mercial  reactors.  The  rereduction  procedure  was  thoroughly  tested, 
however,  in  the  laboratory  not  only  by  Ruhrchemie  but  also  by  Hall  and 
Smith  38  at  the  British  Fuel  Research  Laboratory.  In  the  commercial 
plants,  the  spent  catalyst  is  dropped  into  a  trough  under  the  reactor 
and  transported  by  a  chain  conveyor  to  drums  for  shipment  to  the  cata¬ 
lyst  factory.  Here  it  is  processed  for  recovery  of  its  cobalt  and  thoria 
content. 

The  medium-pressure  synthesis  was  preferred  in  Germany  because  of 
he  appreciably, higher  yield  of  oil  per  cubic  meter  of  synthesis  gas  and 

;T  "ff  ((?  TthS]  of  without  any  activation  K* 

of  the  solvent  action  of  liquid  products  condensed  at  7-10  atm  on  l  e 

catalyst,  the  wax  was  continuously  carried  out  of  the  reactor  Annth 

advantage  of  medium-pressure  operation  wk  th  /  .  '  *  K  t  iei 

tion  of  wax  in  the  product  Thu  .  mUC''  hl«her  ProPOT- 

iqao.o,:  “e  product  This  product  was  preferred  in  Germany  in 

0“^'^^°  5UPPly  °'efinS  f“r  kinetic  lubricating 

struction  are  °f  con- 

of  2.7-m  diameter  are  fitted  about  2^  ^'bMub^of  “engT 
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The  double  tubes  consist  of  24-mm-O.D.,  21-mm-I.D.  pipes  fitted  con¬ 
centrically  into  48-mm-O.D.,  44-mm-I.D.  pipes.  A  cross  section  of  one 
double  tube  is  shown  in  Figure  6.  The  catalyst  lies  in  the  annular  space 
while  water  flows  both  on  the  outside  of  the  larger  tubes  and  the  inside 
of  the  smaller  ones.  Wire-screen  sections  are  hinged  at  the  bottom  of 


Figure  4-6.  Detail  of  double  tube  for  converter  in  the  synthesis  at  10  atm 


the  drum  to  retain  the  catalyst.  The  converters  are  arranged  in  units 
of  four,  each  unit  having  a  steam  drum.  The  allowable  pressure  in  the 
gas  system  is  15  atm  gauge,  that  in  the  water  system  2o  atm  gauge  n 
the  west  part  of  the  synthesis  building  there  were  seventy-three  reactors, 
two  of  these  were  experimental,  one  a  “Wulstofen”  which  had  a  self- 
contained  annular-shaped  steam  drum  fitted  around  the  top,  and 
other  a  “Drucldamellenofen”  of  the  same  design  as  the  low-pressure 
reactors  but  of  heavier  construction  to  withstand  the  pressure  ot  the 
medium-pressure  synthesis. 
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The  major  difficulties  encountered  in  use  of  the  commercial  double¬ 
tube  reactors  were  corrosion  at  welded  surfaces  between  the  tubes  and 
the  tube  sheets  or  “headers,”  and  poor  heat  transfer  in  the  top  10  cm 
of  the  tubes.  Corrosion  can  be  reduced  by  use  of  condensed  steam  rather 
than  “softened”  water.  Poor  heat  transfer  at  the  top  10  cm  of  the  double 
tubes  residted  in  overheating  and  rapid  deposition  of  carbon  in  this 
section.  Ruhrchemie  found  it  desirable  to  leave  the  top  10  cm  empty  of 
catalyst.  Although  the  “Wulstofen”  reactor  provides  adequate  heat 
transfer  in  the  top  10  cm  of  the  tubes,  its  construction  is  more  difficult 
and  more  expensive  than  that  of  the  normal,  double-tube  reactor. 

Ruhrchemie  started  freshly  charged  medium-pressure  reactors  in  stage 
3.  They  are  put  under  pressure  of  9-10  atm  of  stage  3  feed  gas  (see 
Table  17)  and  heated  to  125°C.  Gas  flow  is  then  started  at  500  cu  m  per 


Table  17.  Medium-Pressure  (9-10  atm)  Synthesis  on  Cobalt-Thoria-Mag- 
nesia-Kieselguhr  Catalyst  in  Three  Stages  in  Ruhrchemie  Commercial 
Plant,  Operating  Data  for  the  Period  November  1943  to  February  1944 


Stage  number 
Temperature,  °C 
Number  of  reactors 
Feed,  cu  m  per  reactor  per  hr 
Gas  analyses,  volume  per 
cent 
C02 
C„Hm 
CO 
H2 

ch4 

n2 

Contraction,  per  cent 
Conversion 
Per  cent 

CH4,  per  cent  of  CO  con¬ 
verted 

CH4,  g  per  cu  m  of  total 
CO  +  H2  fed  to  the 
plant 


1 

2 

3 

198.9 

196.4 

196.4 

33.4  a 

19.8  « 

8.2  a 

1,114 

1,120 

1,915 

Feed  End 

Feed 

b  End 

Feed 

6  End 

6.9  14.7 

14.7 

28.0 

25.0 

36.3 

0.0  0.9 

0.0 

1.15 

0.0 

1.25 

34.7  35.0 

27.5 

23.9 

20.2 

14.0 

52.7  33.9 

42.5 

18.2 

29.8 

11.5 

0.4  5.0 

4.2 

11.3 

9.2 

15.7 

5.2  10.5 

9.4 

17.4 

14.8 

21.0 

50.4 

45.8 

29.7 

CO  h2 

CO 

h2 

CO 

h2 

50.5  68.2 

52.9 

77.2 

51.3 

73.0 

11.9 

13.2 

17.9 

13.6 

7.1 

3.2 

Shifted 

16.8 

0.0 

5.6 

71.9 

0.4 

5.3 


Liquid  products,  gram  per  cubic  meter  of  total  CO  4- H  r  i  * 

1+2+3:  137.4.  al  +  H2  fed  to  plant,  stages 

Gasol,  gram  per  cubic  meter  of  total  CO  4-  H,  tea  i 

I“?  of  “umber  caused  by  timemumtr  aver^  ‘+2+3: 1?'3' 

the  volumes  (rataulate7 from  contractions^  f^d  ^  ——t  "ith 

of  number  of  reactors  in  “sC) 71  “d  -«• 

used  to  prepare  these  feed  gases.  §  J  Y  of  end  Sases  and  of  shifted  gas 
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hr  and  the  temperature  increased  at  the  rate  of  5°C  per  hr  until  160°C 
is  reached;  then  it  is  increased  1°C  per  hr  until  the  gas  contraction  is  45 
per  cent.  The  gas  rate  is  then  increased  to  1,000  cu  m  per  hr  and  the 
temperature  again  increased  at  the  rate  of  1°C  per  hr  until  the  gas  con¬ 
traction  is  again  45  per  cent.  The  gas  rate  is  again  increased  to  the 
normal  value  of  1,800-2,000  cu  m  per  hr  and  the  temperature  raised  1°C 
per  hr  until  the  gas  contraction  is  29-30  per  cent.  Temperatures  in  the 
three  stages  are  set  so  as  to  maintain  contractions  of  about  50  per  cent 
in  stage  1,  45  per  cent  in  stage  2,  and  30  per  cent  in  stage  3.  When  the 
temperature  in  a  stage  3  reactor  reaches  203°C,  it  is  shifted  to  stage  2, 
where  the  synthesis  proceeds  at  185°-188°C.  It  is  kept  in  operation  in 
stage  2  until  the  temperature  reaches  197°C,  when  it  is  transferred  to 
stage  1,  and  here  the  synthesis  proceeds  at  about  180°C.  In  stage  1,  the 
maximum  operating  temperature  is  set  at  203° C,  and  when  this  is 
reached  the  catalyst  is  discharged.  During  the  useful  life  of  the  catalyst 
the  gas  rate  is  slowly  reduced  until  it  is  about  800  cu  m  per  hr  after  6-7 
months.  It  is  aimed  to  set  operating  conditions  so  that  about  the  same 
space-time-yield  is  obtained  in  each  stage.  The  data  given  in  Table  17 
comprise  a  summary  of  the  operating  conditions  and  yield  for  the  period 
November  1943  to  February  1944,  inclusive,  at  the  Ruhrchemie.20  A 
similar  set  of  data  for  operation  at  the  Hoesch  plant  in  March  1944  is 
given  in  Table  18. 50  Although  there  are  some  inconsistencies  in  both 
tables,  they  do  not  seriously  affect  the  comparisons  made  below. 

The  data  in  Table  17  suggest  the  following  comments  on  the  influence 
of  “inerts,”  i'c,  CO2,  N2,  and  CH4.  Comparison  is  made  of  data  foi 
stages  2  and  3,  which  were  operated  at  the  same  average  temperature 
(196. 4°C).  In  stage  2  with  the  initial  concentration  of  CO  +  H2  at 
0.7  of  the  feed  gas  the  fraction  of  the  CO  -f-  H2  converted  was  0.699.  In 
stage  3  with  the  initial  concentration  of  CO  +  H2  at  0.5  of  the  teed  gas 
the  fraction  of  CO  +  H2  converted  was  0.694.  As  the  space  velocity  in 
stage  3  was  170  per  cent  of  that  in  stage  2,  the  fraction  ol  CO  +  II2  con¬ 
verted  would  be  expected  to  be  much  lower  in  stage  3  than  in  stage  2  it 
there  were  no  specific  effect  of  inerts.  It  appears  that  the  presence  of 
inerts  increases  the  yield  per  unit  volume  of  CO  +  H2  m  the  feed  gas. 
This  is  in  accord  with  the  conclusions  drawn  from  the  data  of  table  n 
on  the  effect  of  dilution  of  synthesis  gas  with  nitrogen. 

The  data  in  the  last  two  rows  of  Table  17  indicate  an  increased  per¬ 
centage  conversion  of  CO  to  methane  with  increasing  methane  content 
of  the  feed  gas,  although  the  actual  number  of  grams  of  methane  pro¬ 
duced  per  cubic  meter  of  total  CO  +  H2  fed  to  the  plant  is  lower  in  stage 
2  than  in  stage  1  and  lower  in  stage  3  than  in  stage  2.  Comparison  of 
Tables  17  and  18  shows  a  somewhat  lower  methane  piotuc  ion 
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Table  18.  Medium-Pressure  (9-10  atm)  Synthesis  on  Cobalt-Thoria-Mag- 
nesia-Ivieselguhr  Catalyst  in  Three  Stages  in  IIoesch  Commercial  Plant 
at  Dortmund,  Germany,  Operating  Data  for  March  1944  ° 


Stage  number 

1 

2 

3 

1 

Temperature,  °C 

198.1 

195.4 

198.7 

Number  of  Reactors 
Feed,  cu  m  per  hr  per 

40.0 

16.0 

8.0 

reactor 

928 

1,238 

2,037 

Gas  analyses,  volume 

Feed  End 

Feed  6 

End 

Feed  6  End 

Water 

Shifted 

per  cent 

Gas 

C02 

7.81  17.50 

15.38 

26.94 

22.56  33.45 

7.86 

6.71 

CnHfn 

0.0  0.80 

0.80 

1.18 

1.10  1.40 

0.0 

0.0 

CO 

33.06  30.99 

27.94 

23.21 

21.00  14.60 

37.74 

13.36 

h2 

52.47  31.35 

39.41 

17.80 

29.60  11.30 

48.39 

73.18 

ch4 

0.40  6.79 

5.75 

12.51 

10.26  16.94 

0.30 

0.4 

n2 

5.66  12.39 

10.72 

18.30 

15.48  22.31 

4.97 

6.35 

Contraction,  per  cent 

56. 2C 

44. 2C 

36. 0C 

Conversion 

CO  h2 

CO 

h2 

CO  h2 

Per  cent 

Conversion,  CO  +  H2 

59.6  73.8 

53.7 

74.8 

55.5  75.6 

per  cent 

69.2 

68.2 

74.2 

CH4,  per  cent  of  CO 

converted 

12.8 

8.3 

5.1 

CH4,  g  per  cu  m  of 

• 

total  CO  +  H2  fed 
to  the  plant 

17.0 

4.2 

1.4 

Liquid  products,  grams  per  cubic  meter  of  total  CO  +  H2  fed  to  plant,  stages  1  +  2  4-3:  143.5. 
Gasol,  grams  per  cubic  meter  of  total  CO  +  H2  fed  to  plant,  stages  1  +  2  +  3:  18.1. 

°  Temperatures,  number  of  reactors,  feed  per  reactor,  and  contraction  data  from  Table  18  of  refer- 
ence  50.  Gas  analyses  taken  from  Table  20  of  reference  50. 

The  analyses  of  feed  gas  to  the  second  and  third  stages  are  not  consistent  with  the  volumes  (calcu¬ 
lated  from  contractions,  feed-gas  rate  of  previous  stage,  and  ratio  of  number  of  reactors  in  the  two 
stages)  and  analyses  of  end  gases  and  of  shifted  gas  used  to  prepare  these  feed  gases. 
c  Contraction  calculated  from  special  N2  determinations  not  given  in  Table  21. 


Hoesch  plant  50  (Table  18)  and  a  correspondingly  higher  oil  yield.  As 
there  is  no  obvious  explanation  based  on  data  in  Tables  17  and  18  for 
tins  difference,  it  must  be  due  to  better  operating  techniques  at  the 
Hoesch  plant.  Freshly  charged  reactors  were  started  in  stage  3  at  this 
plant  and  kept  there  for  1  month.  Starting  temperature  was  170°C 
which  was  increased  to  200“ C  in  4  days.  The  initial  gas  throughput  of 
2,000  CM  m  per  hr  was  decreased  to  1,500  cu  m  per  hr  by  the  end  of  the 
1st  month  1  pon  switching  the  reactor  to  stage  2,  the  temperature 
was  lowered  to  180°C  and  the  gas  rate  to  1,200  cu  m  per  hr.  During  "he 

month  ln  stage  2  the  temperature  was  raised  to  195°C  The  gas 
.ate  was  lowered  slowly  s„  as  to  maintain  a  constant  contraction  during 

9iSru  m  pThrmThege  %"*  f  «“  e“d  *  P^od  was  about 
19(i°c  and  900-i  non  T**  th,™  swltched  to  stage  L  starting  at 

and  600  cu  m  pe.:  hr.  “  P°'  "  fmlsh,ng  in  1-2  montha  at  200°C 
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In  the  Ruhrchemie  medium-pressure  plant,  oil  vapors  and  steam  were 
condensed  after  each  stage.  To  prevent  separation  of  spray  in  the  re¬ 
actors  the  gas  was  preheated  to  160°C  between  stages.  Mild  steel,  which 
is  not  resistant  to  the  attack  of  aqueous  solutions  of  the  organic  acids 
formed,  was  used  in  this  plant.  It  is  necessary  therefore  to  insulate  the 
exit  gas  lines  sufficiently  to  prevent  condensation  of  solutions  of  cor¬ 
rosive  acids  in  them. 

Some  interesting  observations  on  starting  the  synthesis  at  10  atm  on 
cobalt  catalysts  are  presented  in  Table  19. 61  After  about  90  hr,  when 
the  contraction  was  about  50  per  cent  and  the  temperature  180°C,  an 
appreciable  amount  of  very  dark-colored  wax  was  observed  in  the  prod- 


Table  19.  Black  Wax  from  Initial 


Time 

Contrac¬ 

from 

Tempera¬ 

tion, 

Start,  hr 

ture,  °C 

per  cent 

13 

164 

11 

•14 

165 

11 

18 

167 

25.1 

24 

170 

27 

30 

173 

32.8 

37 

175.5 

35.3 

52 

175.5 

44.3 

61 

175.5 

44.0 

73 

176 

43.8 

82 

178 

39 

88 

178 

49.5 

91 

179.8 

47.5 

102 

183 

58.2 

117 

184.4 

55.9 

137 

184.4 

55.9 

142 

184.4 

60.6 

152 

184.4 

60.6 

157 

184.4 

60.6 

175 

184.4 

60.6 

360 

184.4 

60.6 

T.O.M.  Reel  33,  Bag  3,440,  Items 


Product  of  Medium-Pressure  Synthesis 


Product  Characteristics 

No  liquid  product 

Small  amount  of  clear  oil 

Clear  oil 

Oil  +  water 

Oil  4-  water 

Oil  +  water 

Oil  4-  water 

Oil  -f  water  +  film  of  dust 
Oil  -f  water  +  film  of  dust 
Water,  oil  +  small  amount  of  wax 
Water,  oil  +  small  amount  of  wax 
Water  (25-50  mg  Co  per  1),  oil, 
black  wax  (1.15  per  cent  ash) 
Water  (25-50  mg  Co  per  1),  oil,  wax 
(3.34  per  cent  ash) 

Water  (25-50  mg  Co  per  1),  oil,  wax 
(3.3  per  cent  ash) 

Water  (25-50  mg  Co  per  1),  oil,  wax 
(1.5  per  cent  ash) 

Water  (25-50  mg  Co  per  1),  oil, 
gray-black  wax  (0.08  per  cent  ash) 
Water  (25-50  mg  Co  per  1),  oil, 
gray-white  wax 

Water  (25-50  mg  Co  per  1),  oil, 
pinkish  white  wax 
Water  (25-50  mg  Co  per  1),  oil,  white 
wax  (0.07  per  cent  ash) 

Water  (25-50  mg  Co  per  1),  oil,  white 
wax  (0.0  per  cent  ash) 

21-c  and  22. 
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uct.  The  ash  content  of  the  wax  reached  a  maximum  of  about  3.3  per 
cent  at  about  100  hr  of  operation  and  decreased,  thereafter,  until  it  was 
about  0.07  per  cent  at  175  hr.  The  color  of  the  wax  became  progressively 
lighter  as  the  ash  content  decreased. 

A  sample  of  topped  black  wax  containing  5.5  per  cent  of  ash  was  ex¬ 
haustively  extracted  with  benzol.  The  black  material  insoluble  in  benzol 
was  thus  freed  from  the  bulk  of  the  wax.  The  insoluble  material  was  25 
per  cent  of  the  original  sample  and  contained  22  per  cent  ash.  1  his  ash 
contained  11.7  per  cent  carbon,  3.95  per  cent  cobalt,  0.22  per  cent  mag¬ 
nesia,  3.9  per  cent  of  silica. 

Condensation  of  oil  and  water  vapors.  The  condensation  in  the 
low-pressure  synthesis  was  done  by  direct  cooling.  The  first  stage  had  a 
tower  of  3.45-m  diameter  and  25.2-m  height  ;  the  second  stage  a  tower  of 
2.85-m  diameter  and  the  same  height.  Both  towers  had  acid-resistant 
linings.  To  resist  acid  attacks,  water  and  product  lines  were  made  of 
aluminum,  and  pumps  and  fittings  of  alloy  steel.  Both  towers  had  four 
layers  of  Raschig  rings  and  are  wetted  in  three  stages.  The  circulating 
water  passed  through  a  special  cooling  tower.  The  circulating  pumps  of 
130-cu-m-per-hr  capacity  were  housed  with  the  oil  pumps  in  a  pump 
house.  The  oil  and  water  from  the  towers  passed  through  a  water  seal 
and  collected  in  separators  of  4-m  diameter  and  2.2-m  height  from  which 
the  oil  and  water  overflowed  separately  into  receivers.  The  oil  passed 
through  meters  to  the  still  feed  tank  and  the  water  was  sent  to  the  cool¬ 
ing  tower.  By  adding  a  small  amount  of  fresh  water  to  the  circulating 
water  the  acid  content  was  held  to  the  allowable  concentration  (pH  6.5). 
As  there  was  no  commercial-scale  recovery  of  water-soluble  organic 
compounds,  a  continuous  purge  of  a  fraction  of  the  circulated  water  was 
necessary.  Separators  and  receivers  were  installed  in  an  open  pit  near 
the  towers.  This  pit  contained  also  a  reciprocating  steam-driven  pump 
for  transferring  the  oil  to  the  still  heaters. 

In  the  medium-pressure  plant  condensation  was  effected  by  indirect 
cooling  because  the  products  do  not  separate  well  from  water  owing  to 
the  presence  of  high-molecular-weight  acids.  After  each  stage  and'be- 
ore  each  condenser  was  a  neutralization  tower  filled  with  Raschig  rings 
o  owed  by  a  scrubbing  tower  (with  split  ring  plates).  Into  the  scrubber 
a  5  per  cent  solution  of  soda  was  pumped  at  the  rate  of  2-3  cu  m  per 
hi  to  neutralize  the  acids  in  the  products.  To  facilitate  separation  of  oil 
and  water,  3  per  cent  NaCl  was  added  to  the  soda  solution.  Because 
the  scrubbing  tower  had  been  found  to  be  sufficient  the  neutrnliyati 
tower  originally  intended  to  be  used  in  series  with  the  scrubber  was  not 
opeiated.  The  scrubbing  solution  flowed  off  together  with  the  oil  l 
water  of  the  reaction.  The  „H  of  this  mixtufe  wal  Md  at  5  oTo 
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Each  of  the  condensers  after  the  first  and  second  stage  had  a  cooling 
area  of  400  and  300  cu  m,  respectively.  After  each  stage  was  a  pressure 
vessel  for  spray  separation.  The  collected  liquid  flowed  over  skimming 
pots  (Schimmertopfe)  to  a  common  pipe  which  led  into  a  sump.  The 
off  gases  were  scrubbed  with  water  and  then  sent  to  the  adsorption  plant 
(activated  charcoal).  The  oil  and  reaction  water  flowed  into  a  separa¬ 
tion  basin  made  of  concrete  and  consisting  of  four  chambers  arranged  in 
series.  The  separated  oil  was  pumped  through  meters  to  the  refinery, 
the  water  to  a  settling  basin.  The  oil-free  water  flowed  from  the  settling 
basin  to  the  canal.  Oil  and  emulsion  from  the  settling  basin,  and  oil  and 
paraffin  residues  accumulating  in  any  part  of  the  plant  were  heated  in  a 
special  chamber  and  filtered.  The  recovered  oil  was  sent  to  the  refinery. 

Mild  steel  was  used  in  the  construction  of  the  pressure  condensation 
plant.  The  neutralization  with  the  soda  solution  proved  to  be  sufficient 
to  avoid  excessive  corrosion.  The  tubes  of  the  pressure  condensers  were 
attacked  quite  strongly  on  the  outside  by  the  cooling  water  and  there¬ 
fore  were  copper  plated  on  the  water  side,  but  corrosion  was  still  present 
at  the  ends  of  the  tubes  near  the  header.  A  direct  cooling  system,  of 
more  recent  design,  was  used  for  condensation  in  the  third  stage  of  the 
medium-pressure  synthesis.  Soda  solution  was  circulated  through  a 
bubble  plate  scrubber  and  through  an  indirect  cooler.  The  condensate 
and  soda  solution  flowed  from  the  scrubber  into  a  separator  out  of  which 


the  oil  flowed  to  the  refinery,  and  the  soda  solution  was  recycled  to  the 
scrubber.  By  addition  of  fresh  soda  solution,  the  pH  of  the  cii  dilating 
solution  was  maintained  at  6. 0-7.0.  After  the  third  stage  the  pressure 
of  the  exit  gas  was  released  by  use  of  an  automatic  control  val\  e,  anil  the 
gas  then  passed  to  the  active  charcoal  adsorption  plant.  In  the  medium- 
pressure  reactors  the  higher-boiling  hydrocarbons  condensed  to  liquids 
which  were  separated  from  the  vapors  and  gases  before  these  entered 
the  condensation  plant.  The  separated  liquid  ran  into  a  common  ic- 
ceiver,  where  the  pressure  was  released,  and  then  passed  through  meters 

to  be  processed  in  the  paraffin  plant. 

Adsorption  of  gasol  and  naphtha  on  activated  charcoal,  lhe 

adsorption  plant  was  built  in  two  construction  periods.  Plant  I  consisted 
of  eleven  adsorbers  each  with  a  capacity  of  9  tons  of  charcoal  The 
adsorbers  were  cylindrical  vessels  (3.8  m  diameter  containing  a  bed  of 
charcoal  1.8  m  high)  with  dome-shaped  tops  and  bottoms.  The  exit  gas 
leaving  the  adsorbers  was  stripped  of  all  hydrocarbons  of  molecular 
weight  higher  than  that  of  propane  and  was  used  then  for  heating  m  h 
refinery  and  for  steam  production.  The  temperature  of  the  adsorbers 
was  kept  below  40°C.  After  the  charcoal  had  adsorbed  3  4  pei  cent  o 
naphtha  and  1-2  per  cent  of  gasol  (C3  +  C4  hydrocarbons)  )y  ™elS  ’ 
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the  gas  stream  was  diverted  into  a  fresh  adsorber.  1  he  adsorbed  hydi  o- 
carbons  were  stripped  from  the  charcoal  with  steam  and  condensed  with 
the  steam  in  tubular  condensers.  The  gasol  thus  separated  liom  the 
naphtha  and  water  was  collected  in  a  1,000-cu-m  gasholder  and  then 
compressed  for  further  processing.  The  naphtha  refining  was  done  in 
the  stabilization  and  distillation  plants. 

The  steam-stripped  adsorbers  were  first  dried  by  heated  recirculation 
gas  which  was  then  cooled  for  further  gasol  recovery.  The  charcoal  was 
then  cooled  by  further  circulation  of  cool  gas.  The  blowers  for  drying 
and  cooling  the  charcoal  had  a  capacity  ol  22,000  cu  m  per  hr.  1  he 
cycle,  consisting  of  adsorption,  stripping,  drying,  and  cooling,  was  com¬ 
pleted  in  from  24  to  GO  minutes,  depending  on  the  load.  The  gas 
stream  was  controlled  by  hydraulically  operated  disc  valves  of  700-mm 
diameter.  The  hydraulic  control  operated  automatically  through  time 
relays  from  a  central  switchboard  in  the  control  room.  After  gasol 
separation,  the  residual  gas  (C02,  CO,  II2)  was  returned  to  the  adsorber 
inlet. 

Up  to  1.5  per  cent  by  weight  of  the  charcoal,  the  naphtha  adsorption 
efficiency  was  100  per  cent.  At  a  naphtha  content  of  3-5  per  cent  by 
weight  of  the  charcoal  the  gasol  adsorption  efficiency  was  95  per  cent. 
The  guaranteed  capacity  of  the  charcoal,  1.25  kg  of  charcoal  per  ton  of 
hydrocarbons,  was  actually  exceeded.  Usually  the  brand  of  charcoal 
known  as  Supersorbon  F.S.,  in  the  form  of  pellets  4  mm  diameter  and 
4  to  6  mm  long,  was  used. 

Plant  II  consisted  of  four  adsorbers  of  5.5-m  diameter  each  containing 
18  tons  ol  charcoal  in  a  2.20-m  depth.  Instead  of  a  separate  circuit  for 
cooling  and  drying,  a  series  system  was  used  in  which  the  synthesis  exit 
gas  passed  through  all  the  adsorbers  in  series  except  the  one  which  was 
stripped.  Thirty-three  thousand  cubic  meters  per  hour  of  gas  passed 


Table  20.  Analyses  of  Entering  and  Exit  Gases,  Volume  Per  Cent,  ok 
Charcoal  Adsorption  Plant  of  Ruhrchemie,  1943-1944 


Gas  from  Atmospheric- 
Pressure  Plant 


Before  After 
Adsorption  Adsorption 
CO2  36.5  36.6 

4’«Hm  1.3  0.5 

C0  14.1  15.2 

H2  10.8  11.9 

CnH2n+2  16.0  13.6 

N2  21.3  22.2 

n  in  CnH2„+2  1.69  1.11 


Gas  from  Medium- 
Pressure  Plant 

Before  After 

Adsorption  Adsorption 

44.2  42.3 

2.0  0.5 

9.7  12.0 

16.0  17.2 

13.2  11.4 

14.9  16.6 

1 -79  l.io 
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thiough  the  drying  and  cooling  circuit.  The  condensation  and  separa¬ 
tion  equipment  was  installed  as  in  plant  I.  Plant  II  included  also  a  large 
direct-cooling  tower  to  cool  the  drying  and  cooling  gas.  Gas  analyses  of 
the  entering  and  exit  gases  of  the  charcoal  adsorption  plant  are  given  in 
Table  20.  These  data  are  for  the  Ruhrchemie  operations  in  1943-1944. 

Carbon  dioxide  was  recovered  from  the  residual  gases  in  an  “alkazid” 
plant  and  was  used  for  flushing  and  fire-extinguishing  purposes. 

Additional  data  on  composition  of  products  from  Sterkrade- 
Holten  Plant.  The  composition  of  the  primary  liquid  products  from 
the  cobalt-thoria-magnesia-kieselguhr  catalyst  employed  in  the  Ruhr¬ 
chemie  process  is  shown  in  Table  21. 52  The  product  distribution  data 


Table  21.  Composition  of  Liquid  Products  from  Ruhrchemie  Process 


(Weight  per  cent  of  total  oil  product.) 


Carbon  Number 

Atmospheric- 

Middle-Pressure 

of  Fraction 

Pressure  Synthesis 

Synthesis 

3 

5 

1.5 

4 

7 

2.5 

5 

11.2 

7.1 

6 

10.7 

7.1 

7 

9.0 

6.1 

8 

7.7 

5.0 

9 

6.3 

3.5 

10 

26.8 

11-18 

27.4  J 

Above  18 

10.0 

40.4 

given  in  Table  10,  Chapter  3,  and  Tables  3,  16,  17,  18,  and  21  of  this 
chapter  exhibit  some  differences.  Those  of  Table  10,  Chapter  3,  and 
Table  3  of  this  chapter  are  for  earlier  operations  and  laboratory  tests 
made  in  the  period  1936—1939,  and  those  of  lables  16,  17,  18,  and  21  aie 
characteristic  of  the  products  obtained  in  1943-1944. 

The  analysis  by  low-temperature  distillation  ol  the  end  gases  (before 
passage  through  the  activated-charcoal  scrubbers)  from  the  atmospheric- 
and  medium-pressure  plants  and  the  results  of  some  calculations  based 
on  these  data  49  are  shown  in  Table  22.  The  percentages  of  olefins  in  the 
C2  C3,  and  C4  fractions  are  9.9,  20.1,  43.1,  respectively,  for  the  at¬ 
mospheric-pressure  plant  and  4.0,  11.3,  25.4,  respectively,  for  the  me¬ 
dium-pressure  plant.  The  gasol  recovery  in  the  atmospheric-pressure 
plant  was  not  as  high  as  in  the  medium-pressure  plant  because  of  the 
appreciably  lower  concentration  of  the  C3  +  C4  fraction  m  the  enc  ga* 
of  the  lower-pressure  plant.  The  medium-pressure  plant  produced  more 

52  T.O.M.  Reel  45,  Bag  3,441,  Item  76. 
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Table  22.  Analysis  of  End  Gases  by  Low-Temperature  Distillation 
(Ruhrchemie  Process;  Sterkrade-Holten  plant  data  for  operation  in  November  1943.) 


Low-Temperature  Distillation  Analyses 
of  End  Gases 


Constituent, 
volume 
per  cent 

Atmospheric- 

Pressure 

Plant 

Medium- 

Pressure 

Plant 

C02 

43.50 

33.40 

CO 

9.90 

14.13 

h2 

15.13 

9.83 

n2 

17.55 

26.05 

ch4 

8.87 

11.39 

c2h4 

0.103 

0.036 

c2h6 

0.940 

0.871 

c:!h6 

0.228 

0.160 

C;iH8 

0.905 

1.255 

C4II8 

0.421 

0.313 

c4h10 

0.557 

0.919 

Cg  and  higher 

1.970 

1.918 

Derived  Data 

Item 

Atmospheric- 

Medium- 

Pressure 

Pressure 

Plant 

Plant 

Gasol  (C3  +  C4),  g  per  cu  m  of 

End  gas 

48.7 

61.4 

Synthesis  gas 

17.5 

16.4 

CO  +  h2 

22.0 

19.1 

Per  cent  of  gasol  recovered  in  charcoal  plant 

% 

55.0 

81.7 

Per  cent  conversion  of  CO  entering  plant  to 

co2 

ch4 

4.2 

10.6 

4.8 

8.8 

d2 

C3  +  c4 

Oil 

2.8 

10.4 

58.4 

2.0 

8.6 

64.0 

Total 

86.4 

88.2 
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oil  and  less  methane  and  C2  hydrocarbons  than  the  atmospheric-pressure 
plant.  Although  the  percentage  of  methane  in  the  end  gases  is  much 
higher  than  that  ot  C2  or  C  3  hydrocarbons,  the  percentages  of  C2,  C3, 
and  C4  hydrocarbons  are  about  equal. 

The  isomeric  composition  of  the  C5,  Cg,  C7,  and  Cs  hydrocarbon  frac¬ 
tions  of  the  product  from  a  cobalt-thoria-kieselguhr  catalyst  tested  in  a 
laboratory  reactor  at  190°C  and  atmospheric  pressure  of  2H2  -f  ICO  gas 
has  been  reported  by  Friedel  and  Anderson  53  of  the.U.  S.  Bureau  of 
Mines.  The  C5-C9  oil  fraction  was  37.8  volume  per  cent  of  the  total  oil 
product.  The  C5-C9  saturated  hydrocarbon  fraction  was  separated  by 
adsorption  on  silica  gel  from  the  oxygenated  material  and  the  olefins, 
which  were,  respectively,  9.1  and  19.2  volume  per  cent  of  the  C5-C9  oil 
fraction.  The  saturated  hydrocarbons  were  fractionated  by  distillation 
into  five  fractions  which  were  analyzed  by  mass  spectrometric  proce¬ 
dures.  Table  23  contains  the  results.  The  comments  of  the  authors  53 
on  this  table  are: 

Isomeric  percentages  are  given  for  each  fraction  on  the  basis  of  100  per  cent. 
Of  particular  interest  is  the  slight  but  progressive  decrease  of  the  straight-chain 
isomers,  the  major  components,  with  molecular  weight.  .  .  .  Calculated  re¬ 
sults  are  given  in  the  table  in  parentheses  for  various  ethyl-  and  dimethyl- 
derivatives.  In  all  cases  the  percentages  were  very  close  to  zero,  being  either 
slightly  positive  or  negative.  This  is  considered  valid  evidence  for  the  absence 
of  appreciable  concentrations,  but  the  difficulties  of  carrying  out  separations  on 
a  small  scale  did  not  allow  precluding  the  presence  of  traces.  In  these  calcula¬ 
tions  only  one  isomer  containing  a  quaternary  carbon  atom,  2,2-dimethylbutane, 
was  investigated,  and  this  was  found  to  be  absent  (  —  0.4  per  cent). 

The  absence  of  branched  hydrocarbons  with  more  than  one  branch 
per  molecule,  and  more  than  one  carbon  atom  per  branch,  is  of  both 
theoretical  and  practical  importance.  As  molecules  with  only  a  single 
branch  consisting  of  a  methyl  group  contribute  little  to  the  octane  rating 
of  the  gasoline,  compared  with  the  contribution  of  more  highly  branched 
hydrocarbons  and  olefins,  a  suitable  motor  gasoline  can  be  obtained 
directly  from  the  synthesis  only  if  the  olefin  content  is  quite  high. 

The  impact  of  the  analytical  data  is  far-reaching  so  far  as  the  mecha¬ 
nism  of  the  synthesis  is  concerned.  The  presence  of  only  very  small 
amounts  of  multiply  branched  hydrocarbons,  and  of  branches  longer  than 
a  methyl  group,  shows  that  the  probability  of  addition  of  carbon  monox¬ 
ide  and  hydrogen  varies  with  the  position  of  the  double  bond.  A  pos¬ 
sible  mechanism  is  that,  after  methylene  groups  are  formed  by  reduc¬ 
tion  of  chemisorbed  carbon  monoxide,  ethyl  alcohol  is  formed  by  re¬ 
s''  R  A  Friedel  and  It.  B.  Anderson,  Composition  of  Synthetic  Liquid  Fuels  I. 
Product  Distribution  and  Analysis  of  C5-C8  Paraffin  Isomers  from  Cobalt  Catalyst, 
,/.  Am.  Chem.  Soc.,  72,  1,212-5  (1950). 
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action  of  the  methylene  groups  with  carbon  monoxide  and  hydrogen. 
Subsequent  dehydration  of  this  alcohol  yields  ethylene  which  reacts 
with  carbon  monoxide  and  hydrogen  to  form  propyl  alcohol.  Repetition 
of  this  cycle  results  in  production  of  higher-molecular-weight  hydro¬ 
carbons.  At  various  stages  in  this  reaction  chain,  olefins  are  either  de¬ 
sorbed  as  such  or  are  hydrogenated  to  form  saturated  hydrocarbons. 


Table  23.  Isomeric  Composition  of  Cb-C8  Saturated  Hydrocarbon  Fractions 


Component 

Composition, 
volume  per  cent 

n-Pentane 

94.9 

i-Pentane 

5.1 

n-Hexane 

89.6 

2-Methylpentane 

5.8 

3-Methylpentane 

4.6 

2,2-Dimethylbutane 

(-0.4) 

2,3-Dimethylbutane 

(-0.04) 

n-Heptane 

87.7 

2-Methylhexane 

4.6 

3-Methylhexane 

7.7 

3-Ethylpentane 

(-0.7) 

2,3-Dimethylpentane 

(-0.02) 

2,4-Dimethylpentane 

(-0.6) 

n-Octane 

84.5 

2-Methylheptane 

3.9 

3-Methylheptane 

7.2 

4-Methylheptane 

4.4 

3-Ethylhexane 

(0.3) 

2,3-Dimethylhexane 

(Neg.)  a 

2,4-Dimethylhexane 

(Neg.)  « 

2,5-Dimethylhexane 

(Neg.)  « 

"  No  definite  negative  values  could  be  calculated  for  these. 


11ns  mechanism  is  in  accord  with  data  on  the  quantitative  analysis  of 
the  products  anth  with  data  which  show  that  alcohols  actually  are  the 
precursors  of  the  olefins  in  the  synthesis  (see  below;  sections  on  composi¬ 
tion  of  products  from  end-gas-recycle  operations).  A  more  complete 
d'pUSS10n  of  mechanism  uf  the  synthesis  is  presented  in  Chapter  C 

FrSTT ?  16  P0S'tl0n  of  the  double  bond  in  the  olefin  fractions' 
1 1  iedel  and  Anderson  53  state :  ’ 

Analyses  for  general  olefin  types  in  the  CB-C  r.ino.„  u,,  •  f  j 
revealed  the  predominance  of  internal  !l„uUe  b„nd  *fa  o™* 

I  Ins  predominance  increased  with  molecular  weie-ht  v  *i  l,1!  form- 

src  -  in  — «  — 
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The  data  are  given  in  Table  24.  The  proportion  of  a-olefins  was  higher 
than  would  be  predicted  from  thermodynamic  equilibrium  calculations. 

Table  24.  Types  of  Olefins  in  C6-C8  Fraction  of  Product  from  Cobalt- 


Thoria-Kieselguhr  Catalyst 

Alpha- 

Internal  Double-Bond  Olefins 

r  - - * - -  ~ 

Olefins 

trans- 

cis- 

Fraction 

Volume  Per  Cent 

' 

c6 

36 

39 

25 

c7 

28 

42 

30 

c8 

18 

52 

30 

A  vacuum  distillation  of  Ruhrchemie’s  wax  product  was  made  at  10 
mm  pressure  up  to  380°C  and  at  0.6  mm  from  380°C  to  600°C.  The 
results  21  are  presented  in  Table  25. 


Table  25.  Vacuum  Distillation  of  Wax  at  10  mm  to  380°C  and  at  0.6  mm 

from  380°  to  600  °C 


Temperature, 

°C 

180 

200 

220 

240 

260 

280 

300 

320 

340 

Weight  per 
cent 

0.2 

0.87 

2.07 

3.62 

5.49 

9.23 

12.77 

19.39 

23.60 

Temperature, 

°C 

360 

380 

400 

420 

440 

460 

480 

500 

520 

Weight  per 
cent 

33.84 

43.20 

45.07 

50.59 

56.97 

63.68 

67.38 

71.65 

77.56 

Temperature, 

°C 

540 

560 

580 

600 

Res 

due 

Ho 

d-up  +  k 

>ss 

Weight  per 
cent 

81.60 

82.02 

89.62 

91.06 

8.71 

0.23 

No  analyses  of  oil-soluble  oxygenated  compounds  from  cobalt  catalyst 
are  available  except  for  operations  employing  end-gas  recycle  (see  below). 
Data  on  the  oxygenated  organic  compounds  in  the  reaction  water  plus 
condensed  steam  from  the  charcoal  adsorption  plant  from  Ruhrchemie 
medium-pressure  operations  in  1943  show  54  that  a  total  of  1.16  kg  of  al¬ 
cohols  is  produced  per  metric  ton  of  C3-f  oil.  This  amounts  to  about 
0  18  g  of  water-soluble  material  per  cu  m  of  CO  +  H2,  as  compared  with 
about  13.8  g  of  oil-soluble  organic  compounds.  The  water-soluble  al¬ 
cohols  consisted  of  about  10  per  cent  CII3OH,  15  per  cent  C2II5OH,  20 
per  cent  C3H7OH,  and  40  per  cent  of  C4-C6  alcohols.  Much  smaller 
amounts  of  fatty  acids,  esters,  and  aldehydes  were  present. 

54  T.O.M.  Reel  45,  Bag  3,441,  Item  79. 
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Only  in  the  Hoesch-Benzin  plant  were  water-soluble  alcohols  and 
fatty  acids  regularly  recovered.50  Aqueous  liquor  comprising  the  re¬ 
action  water  separated  from  the  oil  alter  the  product  condensers,  plus 
the  condensed  water  from  steaming  the  active  charcoal  scrubbers,  was 
distilled.  The  original  concentration  of  alcohols  was  0.5  per  cent  by 
weight.  After  distillation,  the  concentration  of  organic  matter  was  70 
per  cent,  8-10  per  cent  of  which  was  aldehydes,  ketones,  and  esters. 
The  remainder  was  a  mixture  of  alcohols,  namely,  10  per  cent  methyl, 
25  per  cent  ethyl,  30  per  cent  propyl,  25  per  cent  butyl,  and  10  per  cent 
amyl  and  hexyl  alcohols.  The  alcohols  recovered  amounted  to  about 
0.6  per  cent  of  the  total  primary  products  and  about  45  per  cent  of  the 
total  water-soluble  organic  matter.  No  recovery  of  oil-soluble  alcohols 
was  made. 

Fatty  acids  were  recovered  at  the  Hoesch  plant  by  neutralization  with 
soda  solution  of  the  hot  gases  from  the  reactors,  and  by  scrubbing  the 
Diesel  oil  fraction  of  the  product  with  soda  solution.  The  combined 
soda  solutions  were  acidified  with  sulfuric  acid,  and  the  liberated  fatty 
acids  extracted  with  benzol.  The  recovered  acids  contained  30  per  cent 
of  C2-C4,  30  per  cent  of  C5-C9,  35  per  cent  of  C10-C20,  and  5  per  cent 
of  higher  fatty  acids.  The  recovered  fatty  acids  amounted  to  0.4  per¬ 
cent  of  the  total  primary  products  or  about  30  per  cent  of  the  total  water- 
soluble  organic  matter. 


PROCESSES  RECYCLING  END  GAS  THROUGH  GRANULAR, 
FIXED  BEDS  OF  CATALYST,  COOLED  BY  INDIRECT  HEAT 

EXCHANGE 


Lurgi  Experiments  with  a  Diluted  Cobalt  Catalyst 

Since  1935  it  was  known  that  in  the  Ruhrehemie  process  most  of  the 
synthesis  occurs  in  the  middle  portion  of  the  catalyst.66-  56  This  results 
m  uneven  distribution  of  the  heat  of  reaction  and  makes  precise  temper! 
ature  control  difficult.  In  1938-1939  Lurgi  (Gesellschaft  fur  Warmetech- 
n.k  Hidemheim  near  Frankfurt-am-Main)  investigated  the  effect  of  re- 
lyihng  1  5  volumes  of  end  gas  per  volume  of  fresh  gas,  using  a  “diluted” 
coba  t-thona-magnesia-kieselguhr  catalyst  containing  3  times  as  much 
elguhr.as  the  normal  Ruhrehemie  catalyst.  Although  originally  de 

signed  to  Improve  the  efficiency  of  the  Ruhrehemie  process  the  main 
objective  of  the  research  shifted  quickly  towards  the  production  of  a 


J*ee!  45-  BaS  3>441.  Rems  85  and  88. 
l.O.M.  Reel  35,  Bag  3,452,  Item  4-c. 
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Figure  4-7.  Extruded  cobalt-thorium-magnesium-kieselguhr  catalyst  (100:5:10: 

000)  with  water  gas  and  recycle.  Reproduced  from  reference  57. 

maximum  yield  of  olefins  to  supply  a  more  satisfactory  raw  material  for 
the  synthetic  lubricating  oil  and  oxo  processes. 

Dilution  of  the  catalyst  with  kieselguhr  and  dilution  of  water  gas 
(1.3Ho  +  ICO)  with  recycled  end  gas  so  as  to  lower  the  partial  pressure 
of  CO  resulted  in  a  higher  olefin  content  of  the  products  without  the  ex¬ 
cessive  carbon  deposition  and  the  more  rapid  catalyst  deterioration 
normally  associated  with  the  use  of  water  gas.  The  Lurgi  tests  57  were 
done  with  100Co:5ThO2: 10MgO:600  kieselguhr  catalysts,  in  single  ex¬ 
ternally  cooled  tubes.  During  the  first  test  period,  September  9  to 
November  6,  1938,  the  operating  temperature  and  pressure  were,  Re¬ 
spectively  205 °C  and  7  atm,  and  the  space  velocity  per  hour  of  fresh 
gas  was  70.  Average  gas  analyses  for  this  8-week  period  are  shown 
in  Table  20.  The  operating  and  yield  data  are  given  in  Figures 
7  8  9  and  10.  Figures  7  and  8  contain  operating  and  yield  data  for 
tubes  1  with  recycle  and  2  without  recycle,  respectively,  ol  Table  20. 

«  T.O.M.  Reel  47,  Bag  3,446,  Item  96. 
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Figure  4-8.  Extruded  cobalt-thorium-magnesium-kieselguhr  catalyst  (100:5: 
10:000)  with  water  gas  without  recycle.  Reproduced  from  reference  57. 


Table  26.  Lurgi  Recycle  Tests,  Using  Water  Gas  and  Diluted  Cobalt 
Catalyst,  First  Operating  Period  of  8  Weeks 


Constituent 

C02 

CnHm 

CO 

H, 

CII4 

N2 

n 


Gas  Analyses,  volume  per  cent 

Tail  Gases 


Fresh 

Recycle 

Gas 

Gas 

0.3 

1.3 

0.0 

0.1 

39.0 

44.6 

50.1 

29.3 

0.2 

3.0 

10.3 

21.5 

1.03 


Tube  1 

Tube  2 

with 

without 

Recycle 

Recycle 

1.4 

2.2 

0.1 

0.6 

44.3 

45.2 

26.9 

22.8 

3.5 

4.3 

23.6 

24.7 

1 .04 

1.23 

S'l9  distributions  °btai'ied 

.hat  the  diluted 
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I  q  q  i  p  rrt  mimm _ i  t  it  1  m  i  t  ?  1 1  i  n  i  q  \ _ ini  mmm - 1  i  *  i  m  i  i  i  i  i  i  i - 1 

Figure  4-9.  Extruded  cobalt  catalyst  (100Co:5ThO2:  Figure  4-10.  Extruded  cobalt  catalyst  (100Co:5ThO2: 

10MgO:600  kieselguhr)  in  water-gas  operation  with  lOMgO  :600  kieselguhr)  in  water-gas  operation  with  and 

and  without  recycle.  Reproduced  from  reference  57.  without  recycle.  CO  balance  for  8  weeks.  Reproduced 

from  reference  57. 
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about  the  same  yield  as  the  denser  normal  Ruhrchemie  catalyst  operating 
on  2H2  +  ICO.  The  diluted  catalyst  operating  on  water  gas  with  re¬ 
cycle  of  about  4  volumes  of  end  gas  per  volume  of  fresh  gas  produces  less 


'G™E  4  1L  Diluted  cobalt-thorium-magnesium-kieselguhr 

10:600),  14  per  cent  Co,  with  water  gas  with  and  without  recycle. 
»  reference  57. 


catalyst  (100:5: 
Reproduced  from 


methane  and  about  6  per  cent  more  of  oil  of  much  higher  olefin  content 
an  when  operating  on  the  same  gas  without  recycle 

^ 

the  data  of  Figure  8  for  tube  2  W  •  ,  '  or  Purposes  of  continuity 
Which  includes  also  the  third  opemting  ^  rePr°dUCed  ”  F‘gm'e  U> 
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In  the  third  and  fourth  operating  periods  from  November  15,  1938, 
to  January  14,  1939,  the  temperature  was  increased  to  restore  the  con¬ 
version  to  the  same  value  as  at  the  start  of  the  first  period.  In  the  first 
and  second  periods  the  temperature  was  kept  constant  at  205° C.  The 
hydrogen  conversion  dropped  during  this  interval  from  85  to  70  per  cent. 


«  Per  cent  of  C3+  in  total  hydrocarbons. 

Figure  4-12.  Diluted  cobalt-thorium-magnesium-kieselguhr  catalyst  (100.5. 
10:600),  14  per  cent  Co,  with  water  gas  with  and  without  recycle.  Reproduced  from 

reference  57. 


In  the  third  period  tube  2  was  run  without  recycle.  To  attain  85  per  cent 
hydrogen  conversion  it  was  necessary  to  raise  the  temperature  to  223  C, 
but  the  degree  of  liquefaction  (per  cent  of  C3+  in  total  hydrocarbon 
product)  dropped  from  90  to  74  per  cent.  For  normal  Ruhrchemie 
operation  without  recycle,  this  catalyst  would  then  have  been  discarded. 
Upon  restoring  the  recycle  in  the  fourth  operating  period,  however,  the 
degree  of  liquefaction  rose  to  85  per  cent  and  operation  was  continue! 
for  55  days.  Average  gas  analyses  for  this  55-day  period  are  s  own  in 
Table  27,  and  operating  and  yield  data  in  Figure  12. 
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Table  27.  Lurgi  Recycle  Tests,  Using  Water  Gas  and  Diluted  Cobalt 
Catalyst,  Fourth  Operating  Period  of  55  Days 

Gas  Analyses,  volume  per  cent 


mstituent 

Fresh  Gas 

Recycle  Gas 

Tail  Gas 

C02 

2.1 

5.2 

6.1 

C„Hm 

0.0 

0.2 

0.3 

CO 

38.7 

44.1 

45.0 

h2 

51.0 

26.3 

21.3 

ch4 

0.3 

4.7 

5.8 

n2 

7.8 

19.1 

21.6 

n 

.... 

1.02 

1.03 

In  the  fifth  operating  period  (see  Figure  12)  the  space  velocity  of  fresh 
gas  was  increased  from  70  to  100  per  hr,  which  necessitated  an  increase 
in  temperature  to  233°C  to  maintain  constant  conversion,  but  the  degree 
of  liquefaction  dropped  from  87  to  79  per  cent.  Recycling  was  stopped, 
whereupon  the  degree  of  liquefaction  dropped  to  72  per  cent.  Restora¬ 
tion  of  the  recycle  did  not  improve  the  liquefaction;  and  after  the  re¬ 
cycling  was  again  stopped,  the  temperature  was  increased  to  237°C. 
The  degree  of  liquefaction  dropped  further  to  G7  per  cent  and  did  not 
improve  upon  restoring  the  recycle.  It  was  concluded,  therefore,  that  no 
increase  in  space  velocity  was  possible  after  about  3,000  hr  of  operation. 

During  the  sixth  operating  period  (1,800  hr;  see  Figure  13  for  operating 
data  and  yield  and  Table  28  for  gas  analyses)  the  pressure  was  increased 


Table  28. 


Lurch  Recycle  Tests,  Using  Water  Gas  and  Diluted  Cobalt 
Catalyst,  Sixth  Operating  Period  of  about  75  Days 


Gas  Analyses,  volume  per  cent 


Constituent 

Fresh  Gas 

Recycle  Gas 

Tail  (ias 

co2 

C„HW 

CO 

h2 

ch4 

NT 

7. 1 

0.0 

35.4 

15.8 

0.6 

36.4 

18.3 
0.4 

36.4 

47.2 

0.5 

18.3 

6.3 

13.3 

7.0 

2 

n 

9.6 

22.5 

24.5 

1.15 

1.12 

The  space  velocity  per  hour  of  fresh  “  ‘S'  °p,e,ation  was  obtained. 

Per  volume  of  fresh gl Ze °,  T  4  V°lumes  uf 

1-0  inclusive,  was  7}  months  with  an' average  yielZnTO  '7% Pe™ds 
m  of  ideal  gas.  Lurgi  concluded  th  t  u  S,-n  130  S  of  oil  per  cu 

operating  on  water  gas  exceeds  that  of  th'e  ^lltuh^he^tS 
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Figure  4-13.  Diluted  cobalt-thorium-magnesium-kieselguhr  catalyst  (100:5: 
10:600),  14  per  cent  Co,  with  water  gas  and  recycle.  Reproduced  from  reference  57. 


catalyst  operating  on  2H2  +  ICO,  and  suggested  that  the  tail  gases 
from  recycle  operation  on  diluted  cobalt  could  be  used  as  feed  gas  for  an 
iron  catalyst,  in  view  of  the  relatively  high  carbon  monoxide  content. 


Ruhrchemie  Pilot-Plant  Recycle  Operations  with  Cobalt 

Catalyst 

In  the  Ruhrchemie’s  pilot-plant  tests  on  recycling  of  end  gas  the 
standard  lOOCo :  5Th02 :  8MgO :  200  kieselguhr  catalysts  was  used  Tests 
were  made  at  atmospheric  and  at  7-10  atm  of  water  gas  (1.3H2  +  It  U) 
plus  recycle  gas.  Data  for  the  atmospheric-pressure  tests  are  shown  in 
Table  29. 58  The  data  show  an  increase  of  the  fraction  of  carbon  mon¬ 
oxide  converted  to  oil  and  of  the  olefin  content  of  the  oil  with  increasing 
recycle  ratio.  The  yields  of  oil  and  gasol  in  the  3.1  recycle  rat  10  test  w eie 
respectively,  95  and  9.2  g  per  cu  m  of  inert  free  fresh  gas, 

58  T.O.M.  Reel  37,  Bag  3,451,  Item  21. 
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Table  29.  Ruhrchemie  Pilot-Plant  Tests  on  Recycling  End  Gas  at  Atmos¬ 
pheric  Pressure  over  100Co:5Th02:8MgO:200  Kieselguhr  Catalyst, 
September  1940  to  February  1941 


Reactor,  charge  number 

2,  8 

2,  8 

9,3 

kg  of  catalyst 

41 

41 

32 

Duration  of  test,  hr  ° 

121 

112 

743 

Space  velocity  per  hr 

110 

107 

145 

Temperature,  °C 

193 

198 

194-205 

Recycle  ratio  6 

0.5 

2.75 

3.1 

Gas  analyses,  volume  per 

cent: 

Fresh 

End 

Recycle 

Fresh 

End 

Recycle 

Fresh 

End 

Recycle 

C02 

6.8 

12.2 

8.6 

6. 7 

14.1 

12.1 

7.0 

14.1 

12.3 

C,,Hm 

0.0 

0.5 

0.4 

0.0 

0.7 

0.6 

0.0 

0.4 

0.3 

CO 

38.0 

39.2 

38.4 

38.0 

40.6 

39.9 

37.8 

41.2 

40.4 

H2 

48.8 

34.5 

42.8 

48.1 

28.2 

33.3 

48.9 

29.9 

34.4 

ch4 

0.3 

2.6 

1.2 

0.3 

3.4 

2.8 

0.3 

3.1 

2.4 

n2 

6.0 

10.9 

8.5 

6.6 

12.9 

11.2 

5.9 

11.5 

10.1 

n 

1.10 

1.05 

1.13 

1.11 

1.05 

1.03 

Use  ratio.  Ho;  CO 

1.92 

1.92 

1.96 

Contraction,  per  cent 

40.8 

50.0 

50.4 

Per  cent  conversion  of 

CO 

H-. 

CO+H2 

CO 

h2 

CO+H2 

CO 

h2 

CO+H.. 

To  total  products 

39.9 

58.2 

49.8 

46.8 

70.7 

60.4 

46.0 

69.7 

59.4 

To  oil 

31.8 

22.4 

26.5 

38.9 

26.9 

32.2 

40.8 

27.6 

33.3 

CO  converted  to 

ch4 

C02 

ch4 

C02 

CH4 

C02 

As  per  cent  of  CO  reacted 

15.4 

2.8 

15.4 

2.0 

11.5 

0.0 

Olefins  4-  oxygen  com- 

pounds  in 

Gasoline 

Diesel  oil 

Gasoline 

Diesel  oil 

Gasoline 

Diesel  oil 

Volume,  per  cent 

45 

16 

55 

36 

67 

45 

“  V°lumeS  °f  fresh  gas  pcr  volume  of  catal-vst  Per  hour-  6  Volumes  of  end  gas  per  volume  of  fresh  gas  in  feed. 


Table  30.  Analyses  of  Cobalt  Catalysts  Used  in  Ruhrchemie  Pilot-Plant 
Recycle  Operations  with  Water  Gas 


Charge  number 

Analysis  before  reduction,  weight  per 
cent 
Cobalt 
Thoria 
Magnesia 
Kieselguhr 

Analysis  after  reduction,  weight  per 
cent 
Cobalt 
Thoria 
Magnesia 
Per  cent  reduction 
Bulk  density 

Dust  content,  weight  per  cent 
Weight  ratios 
Cobalt 
Thoria 
Magnesia 
Kieselguhr 


22 


24.00 

1.25 

1.84 

42.83 


31.8 


45 

0.282 

1.4 

100 

5.2 

7.64 

179 


24 


23.65 

1.18 

1.84 

48.03 


31.2 

1.56 

2.34 

50 

0.285 

1.3 

100 

4.98 

7.78 

203 


25 


22.66 

1.17 

1.80 

47.80 


29.9 

1.54 

2.38 

55 

0.251 

0.7 

100 

5.17 

7.95 

210 


26 

19.90 

48.44 

26.34 

42 

0.259 

0.3 

100 

243 
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Table  31.  Rurhchemie  Recycle  Pilot-Plant  Data  for  7  atm  Operation  in 

Period  Oct.  29  to  Nov.  11,  1942:  Test 


Time,  months 

1 

2 

3 

Fresh  gas,  space  velocity 

per  hr 

134 

124 

121 

Recycle  ratio 

2.46 

3. 

14 

3.09 

Temperature,  °C 

203.8 

206. 

6 

210.7 

Gas  analyses,  volume 

per  cent 

Fresh  End  Recycle 

Fresh  Enc 

Recycle 

^  Fresh  End  Recycle 

C02 

5.7  13.2  11.0 

5.8  13.1 

11.3 

6.0  13.8  11.9 

CnHm 

0.0  0.7  0.5 

0.0  0.7 

0.5 

0.0  0.7  0.5 

CO 

39.8  45.2  43.6 

39.3  44.6 

43.3 

39.2  44.5  43.2 

h2 

48.3  24.5  31.4 

48.4  25.2 

30.8 

48.0  23.2  29.3 

ch4 

0.3  3.0  2.2 

0.3  3.4 

2.7 

0.3  3.9  3.0 

N, 

5.8  13.3  11.2 

6.1  12.9 

11.3 

6.4  13.8  12.0 

n 

_  1.21  1.15 

1.23  1.17 

_  1.26  1.20 

Per  cent  conversion  of 

Total  To  oil 

Total 

To  oil 

Total  To  oil 

CO  +  h2 

65.6  55.8 

62.6 

56.1 

64.7  55.2 

CO  converted  to 

ch4  co2 

ch4 

C02 

ch4  co2 

Per  cent  of  CO  reacted 

5.0  0.2 

7.1 

1.8 

7.9  1.4 

Yield  of 

C5+  C3  +  c4 

c6+ 

c3  +  c4 

C6+  C3  4-  C4 

g  per  cu  m  of  CO  +  H2 

101  14 

97 

14 

99  14 

Boiling  range,  °C 

To  200  200-320 

To  200 

200-320 

To  200  200-320 

Weight  per  cent 

48.6  20.4 

52.2 

25.6 

52.6  26.4 

Boiling  range,  °C 

320-460  Above  460 

320-460  Above  460 

320-460  Above  460 

Weight  per  cent 

21.4  9.6 

17.0 

5.2 

16.1  4.9 

Boiling  range,  °C 

To  200  200-320 

To  200 

200-320 

To  200  200-320 

Olefins  -p  oxygen 

compounds,  volume 

per  cent 

61.5  44.5 

62.0 

42.7 

59.5  42.0 

Synthetic  lubricating  oil 

Weight  per  cent  of 

60°-200° 

41.5 

42. 

4 

38.5 

Weight  per  cent  of 

C3+ 

15.5 

16. 

9 

15.5 

Viscosity,  50°C 

11.0 

10. 

7 

9.1 

Viscosity,  pole  height 

1.66 

1. 

71 

1.76 

Space-time  conversion, 

cu  in  of  CO  +  H2 

per  cu  m  of  catalyst 

per  hr 

77.5 

68. 

2 

68.9 

product  distribution  was  00  per  cent  gasoline  (to  200  C),  26  per  cent 
Diesel  oil  (200°-320°C),  and  12  per  cent  wax  (above  320°C).  This 
product  distribution  is  not  significantly  different  from  that  for  the  at¬ 
mospheric-pressure  plant  using  2H2  +  ICO  without  recycle. 

The  Ruhrchemie  made  an  exhaustive  investigation  of  recycle  operation 
with  water  gas  at  7  atm.  Pilot-plant  operations  usually  were  conducted 
in  an  experimental  medium-pressure  reactor  containing  85  double  tubes, 
44  and  24  mm  diameter,  4  m  long.  This  reactor  was  charged  with  about 
350  1  of  the  standard  Co-Th02-MgO-kieselguhr  catalyst.  A  typical  run 
(reactor  No.  10,  charge  22)  is  described  in  some  detail.59  The  objective 

59  T.O.M.  Reel  36,  Bag  3,451,  Item  1. 
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Reactor  No.  10,  Charge  22;  Monthly  Averages  for  6  Months’  Run.  Induction 
Period  Nov.  11,  1942,  to  May  11,  1943 


4 

5 

6 

Average  1  to  6 

120 

113 

101 

119 

2.92 

3.00 

3.00 

2.93 

214.0 

217.7 

223.2 

213 

Fresh  End  Recycle 

Fresh 

End  Recycle 

Fresh  End  Recycle 

Fresh  End  Recycle 

5.6  13.2  11.3 

6.1 

13.7  11.8 

6.0  12.8  11.1 

5.9  13.3  11.4 

0.0  0.8  0.6 

0.0 

0.8  0.6 

0.0  0.6  0.5 

0.0  0.7  0.5 

39.8  45.0  43.6 

39.1 

42.6  41.8 

38.9  41.2  40.6 

39.3  43.9  42.7 

48.6  25.0  31.0 

48.9 

26.1  31.8 

48.2  27.2  32.4 

48.4  25.2  31.2 

0.3  4.5  3.4 

0.3 

5.4  4.1 

0.3  5.8  4.5 

0.3  4.3  3.3 

5.6  11.5  10.0 

5.5 

11.3  9.9 

6.5  12.3  10.8 

6.0  12.5  10.8 

_  1.21  1.16 

1.24  1.18 

1.17  1.15 

_  1.22  1.17 

Total  To  oil 

Total 

To  oil 

Total  To  oil 

Total  To  oil 

63.4  53.5 

62.1 

51.3 

58.6  49.3 

63.0  53.5 

ch4  co2 

ch4 

C02 

ch4  co2 

ch4  co2 

9.4  2.7 

12.6 

2.9 

15.1  3.9 

9.5  2.0 

C&+  C3  +  C4 

c6+ 

c3  +  c4 

C5+  C3  +  C4 

C6+  C3  +  C4 

92  15 

84 

17 

68  23 

90  16 

To  200  200-320 

To  200  200-320 

To  200  200-320 

To  200  200-320 

56.1  24.4 

57.6 

26.0 

67.6  24.3 

55.8  24.5 

320-460  Above  460 

320-460  Above  460 

320-460  Above  460 

320-460  Above  460 

16.0  3.5 

13.0 

3.4 

6.4  1.7 

15.0  4.7 

To  200  200-320 

To  200  200-320 

To  200  200-320 

To  200  200-320 

58.5  40.3 

55.6 

40.0 

53.8  34.2 

60.2  40.6 

35.5 

30.4 

30.1 

36.4 

15.1 

12.7 

13.4 

14.8 

9.3 

8.9 

9.0 

9  7 

1.82 

1.83 

1.92 

1.78 

66.8 

61.8 

52. 1 

66.0 

w  as  to  operate  for  6  months  with  recycle,  using  water  gas.  The  analysis 
o  the  catalyst  before  and  after  reduction  is  given  in  Table  30  which 
contains  similar  data  for  charges  24,  25,  and  26.  The  average  data  for 

„TaMeS3°2  of  22.  24,  25,  and  26  are  given 

charge  22  “S  m°re  detailed  data  on  operation  with 

Reduced  charge  22  was  put  into  reactor  No.  10  on  October  29  1942 
1  he  p.lot  plant  was  flushed  at  atmospheric  pressure  with  end  r 
the  first  stage  of  a  standard  full-scale  Kuhrehem  e  p  int  In  Z  T 
temperature  was  raised  to  167°C  during  3  davs  „f  (1  r’  ,  the 

temperature  was  then  lowered  to  120°C,  flow  of  water  galwafslartedl 


Ruhrchemie  Recycle  Pilot-Plant  Data  for  7  atm  Operation  in  Reactor  No.  10,  Charges  22,  24,  25,  and  26; 

Comparison  of  Results  During  First  Month  of  Operation 
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and  the  pressure  increased  to  7  atm.  Recycling  was  started  simul¬ 
taneously  with  the  introduction  of  water  gas.  The  initial  space  velocity 
of  water  gas  was  about  25  per  hour.  The  temperature  was  raised  to 
181°C.  This  resulted  in  a  70  per  cent  conversion  of  CO  -f  H2.  During 
the  next  3  days  the  space  velocity  of  water  gas  was  increased  to  50  per 
hour  and  the  temperature  to  190°C.  In  the  following  3  days  the  space 
velocity  of  water  gas  was  increased  to  100  per  hour  and  the  temperature 
to  198. 5°C;  finally  during  the  succeeding  2  days  the  space  velocity  of 
water  gas  was  raised  to  137  per  hour,  and  the  temperature  to  203°C. 
After  the  induction  period,  which  totaled  336  hr,  the  6  months’  test 
period  was  started.  The  space  velocity  of  water  gas  was  held  at  134  per 
hour  during  the  first  month  and  gradually  reduced  to  101  per  hour  during 
the  next  5  months.  At  the  same  time  the  temperature  was  progressively 
increased  so  as  to  maintain  a  conversion  of  62-64  per  cent  of  the  CO  + 
H2  entering  the  reactor. 

The  data  in  Table  31  for  operation  with  charge  22  indicate  a  pro¬ 
gressive  decrease  in  space-time-yield  from  77  cu  m  of  CO  +  H2  con¬ 
verted  per  cu  m  of  catalyst  per  hr  in  the  first  month  to  52  cu  m  per  hr 
in  the  sixth  month.  At  the  same  time  the  methane  yield  increased  from 
5  per  cent  of  the  CO  reacted  in  the  first  month  to  15  per  cent  in  the  sixth 
month.  Concomitant  changes  occurred  in  product  distribution,  olefin 
content,  and  in  yield  and  quality  of  synthetic  lubricating  oil  manu¬ 
factured  by  polymerization  of  the  gasoline  fraction  olefins. 

The  data  in  Table  32  60  indicate  the  reproducibility  of  pilot-plant  re¬ 
cycle  operations.  At  approximately  constant  space  velocity  (95-99 
pei  hour  for  charges  24,  25,  and  26)  and  constant  recycle  ratio  (2.89- 
3.01)  the  yield  of  oil  and  gasol,  the  product  distribution,  the  olefin  con¬ 
tent  of  the  gasoline,  the  yield  and  quality  of  the  lubricating  oil  made  by 
polymerization  of  olefins  in  the  60°-200°C  fraction,  and  the  quality  5 
the  Diesel  oil  vary  appreciably  without  any  obvious  correlation  with 
emperature.  Possibly  the  differences  in  catalyst  composition  and  per 
cen  of  reduction  of  catalyst  (see  Table  30)  were  sufficient  to  account 
foi  these  variations  in  yield  and  quality  of  products 

.Some  details  of  composition  of  the  gasoline  fraction  of  the  product 
h  orn  charge  2b  are  given  in  Table  33“  The  high  olefin  content  Ui  ehar- 
ist ic  of  recycle  operation  products.  Otherwise  these  gasoline  anal 

^  -  medi um-pressm-e 

<£  fth6m on  the  recyde  — * 

80  to  1 ,9  per  hour  the  specific  yield  l rt Z  IT!  h°m 

“T.O.M.  Reel  37.  Bag  3  450.  Rem  3  °f  ^ 
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Table  33.  Ruhrchemie  Recycle  Operation,  Composition  of  Gasoline 

Fraction  Reactor  10,  Charge  26 


Component 

c4 

c5 

c6 

c7 

c8 

c9 

c10 

Above 

Cio 

Test  period,  hr 

182- 

-374 

* 

Weight  per  cent  of  gaso¬ 
line 

Olefins  +  oxygen  com- 

1 .6 

10.2 

12.3 

15.2 

16.5 

18.4 

14.7 

11.1 

pounds,  volume  per 
cent  of  fraction 

80.3 

81.0 

73.4 

74.5 

70.0 

61.0 

Test  period,  hr 

896- 

1,035 

Weight  per  cent  of  gaso¬ 
line 

Olefins  +  oxygen  com- 

2.4 

12.7 

8.2 

17.1 

17.2 

19.1 

19.8 

3.5 

pounds,  volume  per 
cent  of  fraction 

77.5 

70.5 

63.5 

62.5 

56.0 

45.5 

gas)  decreases  but  the  space-time  conversion  (cubic  meters  of  CO  -f  H2 
converted  per  cubic  meter  of  catalyst  per  hour)  increases.  YV  ith  in¬ 
creasing  space  velocity  the  fraction  of  gasoline  in  the  oil  product  in¬ 
creases  and  a  corresponding  decrease  is  observed  in  the  fi  action  boiling 
above  320° C.  Although  the  olefin  content  decreases  only  slightly  in 
going  from  80  to  120  space  velocity  per  hour,  the  yield  and  quality  oi 
lubricating  oil  made  by  polymerization  of  the  olefins  in  the  60°-200°( 
fraction  decrease  markedly.  Possibly  the  degree  of  isomerization  in¬ 
volving  a  shift  in  position  of  the  olefin  bond  changes  sufficiently  with 
space  velocity  to  explain  this  variation  in  yield  of  synthetic  lubricating 

It  is  apparent  from  the  data  presented  in  Tables  30-34  that  the  tail 
o-as  from  recycle  operation  with  water  gas  has  too  high  a  concentration 
of  carbon  monoxide  for  use  in  a  second-stage  operation  with  cobalt  cata¬ 
lysts  As  mentioned  in  connection  with  Lurgi’s  development  work  an 
iron  catalyst  having  a  use  ratio  H2:C()  of  about  0.7  could  be  satis¬ 
factorily  employed  for  the  second  stage  following  recycle  operation  on  a 
cobalt  catalyst.  Ruhrchemie,  however,  planned  in  1943  to  add  con- 
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Table  34.  Ruhrchemie  Recycle  Operation  at  7  atm  in  Reactor  No.  10; 
Averages  for  6  Months’  Operation  at  Different  Space  Velocities  of  Fresh 

Gas 


Charge  number 

11 

10 

22 

Space  velocity  per  hr  of  water  gas 

80 

100 

119 

Operating  temperature  range,  °C 

100-214 

191-220 

203-225 

Recycle  ratio 

3.0 

3.0 

3.0 

Per  cent  conversion  of  CO  +  H2 

70.7 

63.0 

63.0 

CH4,  per  cent  of  CO  converted 

5.4 

9.5 

CO2,  per  cent  of  CO  converted 

2.2 

2.0 

C5+,  g  per  cu  m  of  CO  +  H2 

121 .8 

100.0 

90.2 

C3  +  C4,  g  per  cu  m  of  CO  +  H2 

9.9 

12.0 

16.2 

Space-time  conversion,  cu  m  of  CO  +  H2 

per  cu  m  catalyst  per  hr  “ 

49 . 7 

55.4 

66.0 

Weight  per  cent  of  C5+  boiling  in  the 
range 

To  200 °C 

49.7 

53.0 

55.8 

200°-320°C 

25.7 

25.0 

24.5 

320°-460°C 

17.0 

16.0 

15.0 

Above  460° 

7.6 

6.0 

4.7 

Olefins  +  oxygen  compounds,  volume 
per  cent  in 

Gasoline  (to  200 °C) 

63 

61 

60 

Diesel  oil  (200°-320°C) 

45 

43 

41 

Synthetic  lubricating  oil 

Weight  per  cent  of  60°-200°C 

48 

42 

36.4 

Weight  per  cent  of  C3  + 

19.1 

17.4 

14.8 

Viscosity,  50  °C 

17 

14 

9.7 

Viscosity,  pole  height 

1.67 

1.71 

1.78 

The  water  gas  used  contained  12  per  cent  inerts. 

verted”  (water-gas  shift  reaction)  gas  rich  in  hydrogen  to  the  recycle 
tail  gas  and  to  use  cobalt  catalyst  in  a  second  and  a  third  stage  operating 
at  atmospheric  pressure  without  recycle.  In  a  memorandum  61  dated 
October  16,  1943,  such  a  procedure  is  outlined.  Because  the  durability 
of  iron  catalysts  at  atmospheric  pressure  is  very  poor  and  because 
Ruhrchemie  had  a  considerable  number  of  atmospheric-pressure  re¬ 
actors  it  was  desirable  to  employ  cobalt  catalysts  in  the  second  and 
hrnl  stages  desp.te  the  additional  cost  of  the  “converted”  gas  necessary 
difficult  to  understand,  however,  why  Ruhrchemie  did  not  plan  to 

thTeTn  °  T  Cata]uStS  f0''  *he  first-sta«e  "*ycle  operation.  Possibly 
explanation  is  that  commercial-scale  operation  with  iron  catalysts 

Ut '  a944'  Use  °f  ir0n  in  the  first  C2 

i  a  ng  iei  concentration  of  hydrogen  in  the  end  gas,  and 

61  T  0  M-  Repl  45,  Bag  3,446,  Item  17. 
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theiefore,  less  converted  gas  would  be  needed  to  provide  an  adequate 
hydrogen  concentration  for  the  second  stage  with  cobalt  catalyst. 

A  detailed  analysis  of  the  liquid  product  from  Ruhrchemie  recycle 
operation  with  water  gas  on  cobalt  catalysts  was  made  62  in  1943  by  the 
I.G.  Farben.  in  its  Leuna  laboratories  to  determine  its  value  as  raw 
material  for  the  oxo  synthesis  (addition  of  CO  and  H2  to  olefins  to  pro¬ 
duce  alcohols).  Table  35  gives  the  alcohol,  aldehyde,  acid,  ester,  and 
olefin  contents  of  seven  fractions  of  the  product.  As  the  boiling  point 
increases,  the  olefin  content  drops  from  43  per  cent  in  the  C6-C7  fraction 
to  14.5  per  cent  in  the  C17-C19  fraction.  The  olefin  content  was  cal¬ 
culated  from  the  iodine  number  and  molecular  weight  of  the  fraction. 
In  previous  tables  (particularly  Tables  31-34)  the  value  reported  as 
“olefins  plus  oxygen  compounds”  was  determined  by  measuring  the  sol¬ 
ubility  of  the  oil  in  a  sulfuric-phosphoric  acid  mixture.  For  comparison 
purposes,  this  value  is  included  in  Table  35  as  “SPL,”  and  the  difference 


Table  35.  Analyses  of  Liquid  Product  of  Ruhrchemie  Recycle  Operation 

with  Water  Gas  on  Cobalt  Catalyst 

(All  per  cent  figures  except  “SPL”  are  in  weight  per  cent.) 


Atmospheric-pressure  boiling 

range,  °C 

To  105 

105-175 

Per  cent  of  total 

4.3 

20.4 

Density  at  20°C 

0.693 

0.733 

Olefins 

C  number 

6,  7 

8,  9,  10 

Per  cent  of  fraction 

43.0 

41.9 

Alcohols 

C  number 

3,  4 

5,  6,  7 

Per  cent  of  fraction 

12.2 

13.0 

Aldehydes 

C  number 

5 

6,  7,  8 

Per  cent  of  fraction 

4 

1.0 

Acids 

C  number 

1 

2,  3,  4 

Per  cent  of  fraction 

0.06 

0.07 

Esters 

C  number 

3,  4,  5 

6,  7,  8,  9 

Per  cent  of  fraction 

0.0 

0.9 

SPL,  volume  per  cent 

65 

62 

SPL  —  (oxygen  compounds  + 

olefins) 

6 

5 

175-218 

22.6 

0.751 

218-255 

12.6 

0.763 

255-290 

14.0 

0.774 

290-320 

9.6 

0.783 

320-360 

6.1 

0.784 

11,  12 
41.0 

13,  14 
33.3 

15,  16 
28.0 

17,  18 
19.9 

19,  20,  21 
14.5 

8,  9 

9.3 

10,  11 
9.0 

12,  13 
8.4 

14,  15 

7.1 

16,  17,  18 
4.8 

9,  10 

0.0 

11,  12 
0.0 

13,  14 
0.0 

15,  16 
0.0 

17,  18,  19 
0.0 

5,  6,  7 
0.04 

7,  8,  9 
0.05 

10,  11 
0.1 

12,  13,  14 
0.1 

14,  15,  16,  17 
0.2 

9,  10,  11 
0.6 

51 

11,  12,  13 
0.7 

43 

13,  14,  15 
0.8 

38 

15,  16,  17 
3.4 

32 

17,  18,  19,  20 
4.6 

0 

0 

0.7 

1.5 

between  it  and  the  sum  of  the  olefins  plus  oxygen  compounds  shows  that 
a  very  appreciable  error  occurs  in  the  figures  for  the  low-boiling  frac¬ 
tions.  As  the  “SPL”  figures  are  in  volume  per  cent,  whereas  the  other 
data  of  Table  35  are  in  weight  per  cent,  a  part  of  the  discrepancies  is  due 


62T.O.M.  Reel  134,  Section  VII,  Item  5. 
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to  differences  in  specific  gravity  of  the  oxygenated  compounds  and  the 
hydrocarbons.  The  “SPLT  determination  is  a  fairly  accurate  measure 
of  the  olefins  plus  oxygen  compounds  for  fractions  boiling  above  175°C. 

The  alcohol  content,  which  is  about  12-13  per  cent  in  the  low-boiling 
fractions,  decreases  to  about  5  per  cent  in  the  high-boiling  fractions. 
Aldehydes  and  acids  are  either  absent  or  present  in  negligible  amounts. 
Esters,  which  are  present  in  very  small  amounts  in  the  low-boiling 
fractions,  increase  to  about  4  per  cent  in  the  high-boiling  fractions.  The 
fraction  boiling  below  room  temperature  (0.5  per  cent)  and  that  boiling 
above  3G0°C  (9.8  per  cent)  were  not  analyzed. 


Gas-Recycle  Operation  with  Beds  of  Iron  Catalyst  Granules 
Cooled  by  Indirect  Heat  Exchange 

Recycle  ratio  of  3.  Because  of  the  exceedingly  poor  durability  of 
iron  catalysts  in  the  synthesis  at  atmospheric  pressure,  virtually  all  the 
process  development  using  iron  catalysts  was  done  at  10-20  atm  pressure. 
The  limited  supply  of  cobalt  in  Germany  during  World  War  II  resulted 
in  an  intensive  development  of  iron  catalysts  which  could  replace  cobalt, 
using  the  Ruhrchemie  medium-pressure  reactors.  This  development 
was  described  in  Chapter  3,  pp  305-309.  The  use  ratio  I42:CO  of  iron 
catalysts  without  recycle  of  end  gas  usually  is  in  the  range  0.7-0.9.  Be¬ 
cause  the  H2:CO  ratio  in  the  cheapest  synthesis  gas  prepared  by  com¬ 
plete  gasification  of  coal  is  0.7-1. 3,  it  is  desirable  to  operate  in  this  range. 
The  use  ratio  of  H2:CO  for  any  given  iron  catalyst  can  be  materially 
increased  by  recycling  2  or  3  volumes  of  end  gas  per  volume  of  fresh  gas. 
The  effect  of  recycle  of  end  gas  on  the  use  ratio  H2:CO,  on  the  yield, 
and  on  the  product  distribution  is  indicated  by  the  data  63  of  Table  36* 
The  catalyst  used  in  the  pilot-plant  tests  of  Table  36  was  prepared  from 
Luxmasse  (residues  from  extraction  of  alumina  from  bauxite)  by  im¬ 
pregnation  with  copper  nitrate  solution,  drying,  reducing  with  hydrogen 
and  screening  to  size.  Commercial  water  gas  was  freed  from  sulfur  and 
used  as  fresh  feed  gas.  The  tests  were  conducted  at  20  atm  pressure 
Sampling  for  end-gas  analysis  of  Table  3G  appears  to  have  been  done 

hitrof  ’beCf  T  SCrU':bel'S;  88  the  recycle-Sas  analysis  calculated  from 
that  of  the  fresh  gas  and  end  gas  shows  some  discrepancies 

when6  ata  °f,Table  36,Sh0W  an  'n«i«ase  of  H,:CO  use  ratio  from  0  89 
when  no  recycling  was  done  to  1.15  when  3  volumes  of  end  gas  per  vol 

ume  of  fresh  gas  was  recycled.  The  yield  of  C3+  per  cu  m  of  inert-free 
icsi  gas  was  91  g  with  no  recycle  and  9G-11G  g  with  a  recycle  of  3  vol 
urnes  o.  end  gas  per  volume  of  fresh  gas.  The  olefin 

T.O.M.  Reel  36,  Bag  3,451,  Item  9;  Bag  3,454,  Item  17. 


Table  36.  Ruhrchemie  Pilot-Plant  Operations  in  September  1940  at  20  atm  Pressure,  Showing  Effect  of  Recycle  of  End 

Gas  through  a  Bed  of  100Fe:5Cu:10  Kieselguhr  Catalyst  Granules 
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Gas-Recycle  Operation  with  Iron  Gatalyst 


pounds  content  of  the  gasoline  and  Diesel  fraction  was  10  20  pel  cent 
higher  with  a  recycle  ratio  of  3  than  when  no  recycle  was  employed. 
Methane  production  increased  with  increasing  time  of  operation  and 


showed  no  trend  with  recycle  ratio. 

Hall  and  Craxford  50  describe  in  more  detail  the  preparation  and  in¬ 
duction  of  a  Luxmasse  catalyst  by  Ruhrchemie  in  1940.  The  details  of 
preparation  and  induction  are  given  in  Chapter  3,  p  267,  of  this  book. 

Although  the  use  ratio  H2:CO  for  most  iron  catalysts  is  in  the  range 
0.7-0. 9,  a  much  higher  ratio  was  achieved  in  laboratory  experiments  by 
Roelen  at  Ruhrchemie  in  1944. 64,65  In  each  of  these  tests  5  1  of  catalyst 
granules  was  tested  in  a  double-tube  reactor.  Purified  water  gas  at  10 
atm  pressure  was  used  as  fresh  feed.  Tests  were  made  with  and  without 
recycle  of  end  gas,  and  a  study  was  made  of  the  effect  of  type  and 
amount  of  alkali  in  the  catalyst  and  of  the  type  of  pretreatment,  ie, 
whether  reduced  with  hydrogen  or  inducted  with  synthesis  gas.  The 


catalysts  used  were  precipitated  with  sodium  carbonate  from  solutions 
of  iron,  calcium,  and  copper  nitrates  onto  kieselguhr,  and  subsequently 
impregnated  with  potassium  carbonate,  hydroxide,  or  silicate.  The  bulk 
density  of  the  catalysts  was  about  0.5. 

It  is  apparent  from  Table  37  that  pretreatment  with  water  gas  for 
24  hi  at  250  (  and  at  atmospheric  pressure  results  in  an  appreciably 
higher  use  ratio  of  H2:CO  (compare  experiment  726  with  736,  and  ex¬ 
periment  738  with  735).  Comparison  of  experiment  709  with  726  in¬ 
dicates  that  potassium  silicate  is  a  more  desirable  promoter  than  potas¬ 
sium  carbonate  as  far  as  a  higher  H2:CO  use  ratio  and  lower  methane 
production  are  concerned.  The  product  distribution  from  the  catalysts 
of  Table  37  shows  no  significant  variation  with  either  form  of  the 
potassium  promoter  or  type  of  pretreatment.  The  appreciably  higher 
yield  of  C  5+  per  cubic  meter  of  water  gas  in  experiments  738  and  735 
may  be  due  either  to  the  recycling  of  end  gas  or  to  the  use  of  potassium 
hydroxide  rather  than  the  silicate  or  carbonate  as  promoter 

More  details  concerning  the  preparation  of  the  type  of  catalyst  used 
in  the  experiments  of  1  able  37  are  available."'. «». ««  A  solution  containing 

nitrates  and  water  in  the  ratio  (by  weight)  o^ 
100Fe .  5Cu :  lOCaO: 2,000H2O  was  heated  to  98°C  ami  run  into  a  bo  ling 
soda  solution  containing  9-10  parts  (by  weight)  of  Na2CO,  per  100  parts 
of  water.  Hie  amounts  of  solution  were  such  A  .P  1 

lion  the  PH  was  6.8-7.0.  For  eve" 

gu hr  were  stirred  into  the  mixture,  which  then  was  Hltoied  and  waTed 
64  T.O.M.  Reel  34,  Bag  3,440,  Item  31. 
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with  hot  distilled  water  until  the  sodium  nitrate  content  of  the  finished 
catalyst  was  about  0.5-0.7  part  per  100  parts  of  iron.  Usually  200-220 
parts  of  wash  water  per  part  of  iron  were  adequate;  an  excess  should  be 
avoided  so  as  not  to  decrease  the  calcium  oxide  content  of  the  precipitate. 
After  washing,  the  wet  filter  cake  was  impregnated  with  the  desired 
amount  of  KOH,  K2C03,  or  K2Si03  by  repulping  it  in  a  kneading  ma¬ 
chine  with  a  measured  amount  of  dilute  solution  of  the  potassium  salt 
and  again  filtering.  A  concentration  of  about  100  g  per  1  of  KOH, 
Iv2C03,  or  K2Si03  was  used.  The  filter  cake  was  dried  at  1 10°C,  crushed, 
and  screened  to  2-3-mm  particles. 

In  1941-1943  Ruhrchemie  operated  several  large  pilot  plants  with 
catalyst  volumes  ranging  from  0.1  to  4.5  cu  m,  at  10-20  atm  pressure, 
using  an  iron  catalyst  the  composition  of  which  was  100Fe:5Cu: 
(8-10)CaO:  150  kieselguhr  and  1.3H2:1C0  fresh  gas  feed  with  a  recycle 
of  3  volumes  of  end  gas  per  volume  of  fresh  feed.  The  preparation  of 
the  catalyst  was  similar  to  that  described  above  for  the  iron  catalysts 
used  in  obtaining  the  data  of  Table  37,  except  that  K2C03  rather  than 
Na2C03  was  used  for  precipitation  and  the  precipitate  was  not  im¬ 
pregnated  with  potassium  hydroxide.  This  catalyst  was  reduced  with 
hydrogen  at  300° C.  It  was  not  as  active  as  those  prepared  by  Roelen 
in  1943-1944,  the  operating  temperature  range  being  230°-265°C. 
These  tests  60-67-70  were  of  2,000-5,000  hours’  duration.  The  activity 
of  the  catalyst,  as  measured  by  the  space-time-yield  of  C3  +  ,  decreased 
gradually  during  operation,  but  the  product  distribution  changed  more 
rapidly  from  an  initial  50-60  per  cent  to  20-30  per  cent  boiling  above 
320° C  after  2  or  3  months.  Most  of  these  pilot-plant  operations  were 
directed  towards  specification  of  a  plant  for  the  Societa  Italiana  Car- 
buranti  at  Arrezo  in  Italy.  The  specifications  for  this  project,71  written 
m  1942-1943,  may  be  used  to  summarize  the  results  of  the  1941-1943 
pilot-plant  iron  catalyst  operations. 


Water  gas  from  gasification  of  brown  coal 
and  washed  with  water  to  remove  C02  and  < 
position  after  washing  was  as  follows: 


1  was  compressed  to  25  atm 
some  of  the  H2S.  Its  com- 


Constituent 
Volume  per  cent 
Constituent 
g  per  100  cu  m 


C02  CO 
3-5  39-41 

H2S 

Up  to  20 


h2  ch4  n2 

50-52  2.5  2. 5-3. 5 


Organic  sulfur 


Up  to  4 


•  M.  Reel  39,  Bag  3,450,  Item  46. 
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Ibis  gas  was  then  passed  at  21  atm  and  280°C  over  alkalized  iron  oxide 
tor  sulfur  removal.  The  purified  gas  contained  less  than  0.2  g  of  sulfur 
per  100  cu  m.  The  synthesis  was  conducted  at  20  atm  and  235°-2G5°C 
in  the  standard  double-tube  medium-pressure  reactors.  The  specified 
operation  was  in  tw'o  stages  with  recycling  in  the  first  stage  of  2.5  vol¬ 
umes  ot  end  gas  per  volume  of  fresh  gas.  Gas  compositions  and  con- 


tractions  were  as  follows  (in  volume 

per  cent) : 

End  Gas, 

End  Gas, 

Synthesis  Gas 

First  Stage 

Second  Stage 

C02 

4.5 

23.8 

41.0 

CO 

39.0 

25.0 

12.4 

h2 

50.0 

32.0 

15.9 

ch4 

3.5 

12.8 

21.2 

n2 

3.0 

6.4 

9.5 

Contraction 

52.3 

32.5 

Total  contraction 

68 

The  total  yield  of  C3  +  w^as  140  g  per  cu  m  of  CO  -f  H2  charged;  of  this 
14  g  wras  C3  +  C4.  The  CH4  production  w^as  23  g  per  cu  m  of  CO  +  H2. 
The  product  distribution  in  weight  per  cent  w^as: 


Gasol 

C3  +  C4 

10 


Liquid  Product  Boiling  in  the  Range,  °C 
35°-200°  200°-320°  Above  320° 

31  20  39 


The  olefin  content  of  the  gasol  w^as  GO  volume  per  cent.  The  olefins  plus 
oxygen  compounds  constituted  65-70  per  cent  ot  the  gasoline  fraction 
and  50-55  per  cent  of  the  Diesel  oil  fraction.  The  figures  for  product 
distribution  are  averages  for  the  3  months’  life  of  the  catalyst.  After 
80-90  days’  operation,  the  catalyst  was  extracted  with  a  gasoline  frac¬ 
tion  ( 170° -200°  C)  to  recover  its  wax  content  before  discharging  the 
catalyst  from  the  reactor. 

A  pilot-plant  operation,  using  a  low-temperature  iron  catalyst  ot  the 
type  used  to  obtain  the  data  of  Table  37  and  a  commercial-size  double¬ 
tube  medium-pressure  reactor,  was  made  by  Ruhrchemie  b0  in  Februaiv 
to  August  1944.  The  data  for  this  operation  are  given  in  Table  38.  1  he 
performance  recorded  in  this  table  is  remarkable  in  many  ways.  At  a 
virtually  constant  operating  temperature,  215°-218.G°C,  for  3,550  hr 
there  was  no  significant  change  in  contraction  and  product  distribution; 
there  were  only  about  a  10  per  cent  drop  in  yield  of  C3  +  and  a  10  per 
cent  increase  in  CH4  production.  The  olefin  content  of  the  oil  and  the 
quality  of  the  lubricating  oil  synthesized  from  the  60  200  C  fia(  tioi 
of  the  product  increased  appreciably  during  the  3,550  hr  of  the  operation. 
The  space-time-yield  of  C3+  dropped  about  25  pei  cent,  in  Rating  a 


Table  38.  Ruhrchemie  Pilot-Plant  Operation,  Using  a  Low-Temperature  Iron  Catalyst;  10  atm  Pressure,  Commercial- 

Size,  Double-Tube  Medium-Pressure  Reactor  (No.  11,  Charge  14.) 


Gas-Recycle  Operation  with  Iron  Catalyst 


38: 
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decrease  in  catalyst  activity.  The  H2:CO  use  ratio  was  in  the  range 
0.98-1.03.  It  is  probable  on  the  basis  of  Roden’s  experiments  described 
in  Table  37  that  an  average  use  ratio  of  1.3  could  have  been  obtained  by 
replacing  the  reduction  with  hydrogen  by  a  treatment  with  water  gas  at 
atmospheric  pressure  and  at  250°  C  for  24  hr.  The  use  of  a  second  stage 
then  would  have  made  possible  a  yield  of  the  order  of  150-160  g  of  C3  + 
per  cu  m  of  CO  +  H2. 

Effect  of  recycle  ratios  above  3  with  granular  beds  of  iron  cata¬ 
lyst;  the  “synol  process.”  The  effect  of  recycle  of  end  gas  through 
beds  of  granules  of  iron  catalysts  was  studied  at  Rheinpreussen  72  in 
1943-1944.  The  data  of  Table  39  were  obtained  from  laboratory  tests 

Table  39.  Effect  of  Recycle  Ratio  Laboratory  Tests  at  10  atm  of  Water 
Gas  with  Fe-Cu-DoLOMiTE-K2C03  Catalyst;  Space  Velocity  per  hr,  95 


Time, 

hr 

Tempera¬ 
ture,  °C 

Recycle 
Ratio, 
End 
Gas  to 
Fresh 
Gas 

H,:  CO 
Ratio  in 
Fresh 
Gas 

Ha:  CO, 
Use 
Ratio 

Grams  per  C 
Free 

Calculated 

Yield 

ubic  Meter  of  Inert- 
Water  Gas 

Measured  Yield 

Per 

Cent 

CO 

Reacted 

ch4 

Ci+ 

c,+ 

Gasol 

ch4 

40 

225 

5.5 

1.3 

1.26 

11 

163 

82 

61 

226 

6 

1.3 

1.23 

18 

178 

89 

70 

225 

7 

1.37 

1.23 

17 

180 

91 

79 

227 

9 

1.37 

1.33 

17 

183 

179 

16.7 

22.5 

92 

232-341 

225 

8.2 

1.36 

1.32 

25 

169 

87 

405-418 

225 

4.6 

1.38 

1.29 

26 

165 

162 

14.0 

24.5 

85 

492-543 

222 

3 

1.3 

1.17 

25 

150 

84 

562 

217 

0 

1.33 

0.94 

21 

129 

.... 

86 

609-676 

226 

3 

1.46 

1.26 

26 

164 

90 

808 

227 

4 

1.46 

1.29 

27 

165 

86 

in  which  170  cc  of  catalyst,  weighing  105  g  and  containing  40  g  of  Fe, 
was  contained  in  a  bed  80  cm  in  depth.  No  details  are  given  concerning 
the  construction  of  the  reactor  and  its  cooling  system.  The  composition 
of  the  catalyst  was  in  the  range  lOOFe: (l-10)Cu: (50-100)dolom.te: 
(0.1-3.0)K2CO3.  The  method  of  preparation  is  outlined  m  Chapter  3, 
p  268.  The  catalyst  was  pretreated  for  several  hours  with  pure  CO  at 
0  1-0  2  atm  and  at  300° C.  Water  gas  at  10  atm  of  about  the  following 
analysis,  in  volume  per  cent,  was  used  in  the  synthesis  operation: 


C02 

8.2 


CO 

36.4 


H2 

46.4 


CH4 

0.5 


N2 

8.5 


■n  F.I.A.T.  Reel  X-116,  Frames  1,684-765. 
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The  yield  of  methane  and  of  total  hydrocarbons  (Ci  +  )  given  in  columns 
G  and  7  of  Table  39  was  calculated  from  gas  analyses.  The  Ci  +  yield, 
directly  measured  at  the  79  and  405-418  hr  intervals,  is  given  in  columns 
8,  9,  and  10  of  Table  39.  The  use  ratios  for  recycle  ratios  of  0,  3,  5,  and 
9  are  about  1,  1.2,  1.25,  and  1.33,  respectively.  Comparison  of  the  Ci  + 
yield  (column  7,  Table  39)  for  the  492-543,  5G2,  and  G09-G7G  hr  intervals 
shows  a  marked  increase  in  going  from  no  recycle  of  end  gas  to  a  recycle 
ratio  of  3.  A  smaller  increase  in  the  Ci4-  yield  is  apparent  also  for  re¬ 
cycle  ratios  of  6-9  as  compared  with  the  yield  at  a  recycle  ratio  of  3. 
The  methane  yield  shows  no  significant  change  with  varying  recycle 
ratio  but  appears  to  increase  with  increasing  catalyst  age.  Similar  re¬ 
sults  are  given  72  for  the  catalyst  lOOFe:  10Cu:20MgO:50  kieselguhr: 
1K2C03  whose  preparation  is  described  in  a  F.I.A.T.  reel.73 

At  a  recycle  ratio  in  the  range  2. 5-2. 8  the  Rheinpreussen  experimenters 
found  67  that  a  higher  H2 :  CO  use  ratio  and  lower  methane  yield  were  ob¬ 
tained  when  operating  at  40-50  per  cent  conversion  of  CO  as  compared 


Table  40.  Effect  of  Extent  of  CO  Conversion  on  Use  Ratio  and  Methane 
Production;  Laboratory  Tests  at  10  atm  of  Water  Gas  with  Fe-Cu-MgO- 

Kieselguhr-K2C03  Catalyst 


Time, 

hr 


18 

38 

63 

108 

208 

255 

351 

394 

450 

495 

511 

566 

615 

662 


Tem¬ 

pera¬ 

ture, 

°C 


215 

216 
215 

217.5 

219.5 

219.5 
221 
223 
223 

222.5 

226.5 
226 
225 
225 


H2:CO 
in  Fresh 
Gas 


1.26 

1.26 

1.26 

1.27 

1.27 

1.28 
1.32 
1.30 
1.26 

1.23 
1.26 

1.27 

1.28 

1.24 


H2:CO, 

Use 

Ratio 


0.90 

0.93 

0.93 

0.90 

0.89 

0.90 

0.99 

0.93 

0.97 

0.77 

1.05 

1.18 

1.13 

1.11 


Hourly 

Space 

Velocity 


101 

101 

92 

93 
91 
88 
84 
78 
84 
40 

300 

320 

270 

340 


Per 

Cent 

CO 

Reacted 


91.4 
90.0 
90.0 

89.5 

93.6 

91.5 
80.3 
82.0 
73.0 

95.6 
42.0 
37.0 
40.0 
52.0 


3  F  I  A-T.  Reel  X-116,  Frames  1,670-2. 


Grams  per 

Cubic  Meter 

of  Inert-Free 

Ci,  per 

Water  Gas 

cent  of 

Ci4- 

Ci  + 

Ci 

152 

12 

7.9 

158 

7 

4.4 

157 

13 

8.3 

155 

14 

9.0 

162 

24 

14.8 

154 

19 

12.3 

140 

16 

11.4 

132 

15.5 

11.7 

127 

10.3 

8.1 

145 

17.6 

12.1 

79 

3.6 

5.8 

64 

5.8 

9.1 

72 

5.7 

7.9 

96 

2.6 

2.7 
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with  operation  at  85-90  per  cent.  The  methane  production  varied  also 
with  age  of  the  catalyst.  The  data  supporting  these  conclusions  are 
shown  in  Table  40.  The  kieselguhr-containing  catalyst 73  was  used  in 
these  tests. 


The  type  of  pretreatment  of  the  dolomite-containing  catalyst 72  had 
a  marked  effect  on  the  methane  production  and  durability  of  the  cata¬ 
lyst  in  the  synthesis.  Thus,  when  pretreated  at  atmospheric  pressure 
with  2H2  +  ICO  gas  (containing  7-9  per  cent  C02  and  about  an  equal 
amount  of  N2)  at  2,000-3,000  hourly  space  velocity  and  300°-320°C  for 
6  hr,  this  catalyst  produced  only  about  one-half  as  much  methane  as 
when  pretreated  with  pure  CO  at  0.1  atm  at  300°-320°C.  After  the  2H2 
+  ICO  pretreatment,  the  catalyst  was  operated  for  over  2,000  hr  with¬ 
out  appreciable  deterioration,  whereas  after  the  pure  CO  pretreatment 
not  more  than  about  1,000  hr  of  satisfactory  performance  was  possible. 
The  data  for  these  tests  are  given  in  Table  41.  The  comparison  at¬ 
tempted  in  this  table  is  difficult  because  2.5  volumes  of  end  gas  to  1  vol¬ 
ume  of  fresh  gas  were  recycled  in  the  case  of  the  pure-CO-pretreated 
catalyst,  whereas  there  was  no  end-gas  recycle  in  the  synthesis  after  the 
2Ho  +  lCO-pretreated  catalyst.  The  results  of  Table  39,  however,  in¬ 
dicate  little  change  in  grams  of  CH4  per  cubic  meter  of  inert-free  water 
gas  with  recycle  ratio.  The  use  ratio  H2:CO  for  the  2H2  +  lCO-pre- 
treated  catalyst  of  Table  41  probably  would  have  been  about  1.2  if  2—3 
volumes  of  end  gas  per  volume  of  fresh  gas  had  been  recycled.  Less  C02 

and  more  oil  would  have  been  produced. 

A  catalyst  in  which  calcium  carbonate  was  substituted  for  the  dolo¬ 
mite  and  which  contained  in  parts  by  weight  100Fe:90CaC03: 1K2C03 
also  was  tested  72  after  pretreatment  with  2H2  +  ICO  at  1  atm  and  at 
3qq°_320°C.  Synthesis  was  conducted  with  10  atm  of  water  gas  (about 
1  3 Ho  +  ICO)  at  220°-250°C,  with  an  hourly  space  velocity  of  about 
100  and  with  no  end-gas  recycle.  This  catalyst  produced  only  traces  of 
methane,  but  its  useful  life  was  only  200-300  hr,  after  which  the  activity 


decreased  rapidly.  .  /P.  on,  .  o 

The  I.G.  Farben.  catalyst  used  in  the  Schwarzheide  tests  (C  haptei  3, 

p  305)  was  a  synthetic-ammonia  catalyst  consisting  of  97  per  <  ent  u*e( 

magnetite  Fe364  plus  2.5  per  cent  alumina,  and  about  0.5  per  cent  k2  • 

This  catalyst,  after  virtually  complete ^.g.' 

SSrjl  in  this  temperature  range,  a,  20  atm  pres- 
„  "  p  in  four  stages  with  removal  of  carbon  dioxide  between  stages, 
yields  a  liquid  product  containing  40-60  per  cent  of  alcohols.74  Latei 
(1943-1944)  experiments  showed  that  the  alcohol  content  of  the  pioducts 

74T.O.M.  Reel  134,  Navy  5,811,  Repts.  283  and  326. 
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Table  41.  Activity  of  Fe-Cu-DoLOMiTE-K2C()3  Catalyst  Pretreated  with 
0.1  atm  of  Pure  CO  at  300°-320°C,  Compared  with  Activity  of  the  Same 
Catalyst  Pretreated  at  the  Same  Temperature  with  1  atm  of  2II2  4-  ICO; 
Laboratory  Tests  with  10  atm  of  Water  Gas  (about  I.3H2  +  ICO) 


Per 

H2:CO, 

Use 

Ratio 

Oil  +  Gasol, 

ch4, 

Time, 

Tempera- 

Cent 

g  per  cu  m  of 

per  cent 

hr 

ture,  °C 

CO 

inert-free 

of  oil 

Reacted 

water  gas 

+  gasol 

Synthesis  with  recycle  ratio  of  2.5,  after  pretreatment  with  pure  CO, 
0.1  atm,  300°-320°C,  100-500  SVH 


66 

205 

86 

1.18 

149 

18 

112 

205 

94.6 

1.04 

150 

16 

140 

208 

87 

1.28 

143 

13.3 

167 

208 

91 

1.12 

155 

12.9 

212 

208 

90.5 

1.14 

156 

12.8 

351 

214 

79 

1.20 

134 

14.9 

393 

217 

86.5 

1.20 

150 

13.3 

418 

217 

86 

1.13 

138 

14.5 

Synthesis  with  no  end-gas  recycle,  after  pretreatment  with  2H2  +  ICO, 
1  atm,  300°-320°C,  2,000-3,000  SVH 


100 

209 

78 

0.98 

140 

3.8 

200 

216.5 

81 

0.92 

138 

3.8 

400 

219 

79 

0.94 

135 

2.8 

600 

220 

88 

0.84 

143 

7.0 

800 

220.5 

84 

0.90 

137 

6.5 

1,000 

220 

90 

0.89 

143 

7  0 

1,200 

220 

91 

0.88 

148 

5  2 

1,400 

220 

90 

0.85 

145 

3  8 

1 , 600 

220 

90 

0.92 

151 

2  3 

1 ,800 

220 

91 

0.89 

149 

5  6 

2.000 

220 

89 

0.89 

146 

4  5 

2,153 

220 

89 

0.87 

144 

5.4 

fZPre<'iab'V,  ^  reCycHng  about  10  volumes  of  end 
gas  per  volume  of  fresh  gas  and  removing  in  each  cycle  the  readilv  con 

densahle  products,  including  virtually  all  the  water  of  reaction 

h  a  rnnumum  of  water  vapor  in  the  recycle  gas,  the  formation  of 

l.O.M.  Reel  13,  Bag  3,043,  Item  3. 
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carbon  dioxide  is  reduced  to  the  point  where  a  small  percentage  of  this 
constituent  in  the  fresh  gas  is  tolerable.  Another  advantage  of  recycling 
is  an  increase  in  the  useful  life  of  the  catalyst;  this  is  about  3  months 
without  recycle  and  7  months  with  recycle  of  10  volumes  of  end  gas  per 
volume  of  fresh  gas.  At  a  total-feed  space  velocity  of  about  2,500  per 
hour,  90  per  cent  conversion  of  water  gas  (1 : 1-1 : 1.3  CO: H2)  containing 
6  per  cent  of  inerts  was  achieved  in  two  stages:  70  per  cent  in  the  first  and 
20  per  cent  in  the  second  stage.  The  space-time  conversion  in  the  synol 


Table  42.  Analyses  of  Synol  Products  by  Dr.  Reisinger  at  Leuna 
(Reactor  13/1,  Dec.  20,  1940,  to  Jan.  6,  1941.) 


Fraction, 

°C 


C3-C4 
to  40 
40-60 

60-80 

80-100 

100-120 

120-140 

140-160 

160-180 

180-200 

200-220 

220-240 

240-260 

260-280 

280-300 

300-320 

320-340 

340-360 

360-380 

380-400 

400-420 

420-440 

>440 


Weight 
Per  Cent 
of  C3  + 


8.4 

1.9 

6.5 

5.6 

5.2 
5.0 

4.5 

4.2 

4.3 

3.9 

4.1 

3.6 

3.6 

3.2 

3.2 

2.8 

2.8 

2.8 

2.6 

2.4 

2.2 
2.0 

15.2 


Alcohols 


Weight 
Per  Cent 
of 

Fraction 


0.0 

0.0 

3.5 

8.5 
15.0 
23.0 
33.0 

45.5 
54.0 
60.0 

63.0 

65.5 

67.5 

68.0 

68.5 

68.0 

67.5 

66.0 

63.0 

58.0 

50.5 

41.5 
32.0 


Weight 
Per  Cent 
of  C3  + 

x  100 


0 

22.7 
47.6 
290  “ 
78.0 
197  “ 

115.0 

148.5 

191.1 

232.1 
234.0 

258.3 
235.9 
243.0 

217.6 

219.2 

190.4 

189.0 

184.8 

163.9 

139.2 
111.1 

83.0 

486.5 


C  No.  Distribution,  Weight 
Per  Cent  of  C3+  X  100 


218.7 

217.6 
137.0 

113.9 

158.7 
126.0 

63.0 

184.8 

163.9 
139.2 


Ci 

C2 


c4 

c5 

c6 

c7 

c8 

c9 

C10 

C11 

C12 

Cw 

C14 

C16 

C16 

c17 

C18 

C20 

c22 


680.6  >C22 
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Table  42.  Analyses  of  Synol  Products  by  Dr.  Reisinger  at  Leuna 

(i Continued ) 

(Reactor  13/1,  Dec.  20,  1940,  to  Jan.  6,  1941.) 


Frac¬ 

tion, 

°C 


Olefins  +  Unsaturated  Alcohols 


Weight 
Per  Cent 
of 

Fraction 


Weight 
Per  Cent 
of  C3  + 
X  100 


C  No.  Distribution,  Weight 
Per  Cent  of  C3  +  X  100 


Esters 


Weight 
Per  Cent 
of 

Fraction 


Weight 
Per  Cent 
of  C3  + 
X  100 


C3-C4 
to  40 

40-60 

60-80 

80-100 

100-120 

120-140 

140-160 

160-180 

180-200 

200-220 

220-240 

240-260 

260-280 

280-300 

300-320 

320-340 

340-360 

360-380 

380-400 

400-420 

420-440 

>440 


77.0 

67.4 
78.2 

38.1 

41.8 

45.7 

20.9 
19.6 

21.5 

30.75 

26.75 
25.28 
21.58 

24.9 

23.2 
23.0 

24.1 

26.0 

27.1 

39.6 
35.0 
40.0 


146.3 

438.2 
437.9 

198.2 

209.0 

205.7 

87.8 

84.3 

83.8 
126.1 

96.2 
91.0 
69.1 

79.7 
65.0 

64.4 
67.6 

67.5 

65.0 

87.1] 

70.0 

608.0 


121 .9\qa7  q 

O ia  A  367.9 


675.6 


264.7 

268.0 


C4 

C5 

c6 

c7 

c8 

c9 

c10 

Cn 

C12 

Ci3 

C14 

C15 

Cl6 

C17 

Cl8 

C19 

C20 

C21 

C22 

C23 

C24 


>  C24  765.1  765.1  >C 


24 


0.20 

0.31 

0.5 

0.2 

0.36 

0.78 

2.05 

2.23 

2.73 

2.57 

3.77 

2.66 

3.6 

3.5 

3.8 

4.0 

1.48 

3.4 


2.44 

4.0 

1.95 

1.50 


0.4 

2.0 

2.8 

1.0 

1.8 

3.5 

8.3 

9.6 

10.6 

10.5 

13.6 
9.6 

11.5 
11.2 

10.6 
11.2 

4.1 

8.8 


5.9  *> 
8.8 

3.9 
22.8 
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Table  42.  Analyses  of  Synol  Products  by  Dr.  Reisinger  at  Leuna 

(' Continued ) 

(Reactor  13/1,  Dec.  20,  1940,  to  Jan.  6,  1941.) 


Frac¬ 

tion, 

°C 


C3-C4 
to  40 
40-60 
60-80 
80-100 
100-120 
120-140 
140-160 
160-180 
180-200 
200-220 

220-240 

240-260 

260-280 

280-300 

300-320 

320-340 

340-360 

360-380 

380-400 

400-420 

420-440 

>440 


Ketones  and 
Aldehydes 

Acids 

Paraffins 

Weight 

Weight 

Weight 

Weight 

Weight 

Weight 

Per 

Per 

Per 

1  *er 

Per 

Per 

Cent  of 

Cent  of 

Cent  of 

Cent  of 

Cent  of 

Cent  of 

Frac- 

C3  + 

Frac- 

C3  + 

Frac- 

C3  + 

tion 

x  100 

tion 

X  100 

tion 

x  100 

3.0 

5.7 

0.0 

0.0 

19.8 

37.6 

3.5 

22.7 

0.0 

0.0 

25.9 

164.4 

3.8 

21.3 

0.0 

0.0 

9.0 

50.4 

7.4 

38.5 

0.0 

0.0 

39.3 

204.3 

7.2 

36.0 

0.02 

0.1 

27.2 

138.1 

8.2 

36.9 

0.02 

0.1 

12.3 

55.3 

8.6 

36.1 

0.05 

0.2 

22.9 

96.2 

7.3 

31.4 

0.04 

0.2 

16.83 

72.4 

7.4 

28.9 

0.04 

0.2 

8.33 

32.5 

7.5 

30.7 

0.68 

2.8 

Cannot 

De  deter- 

mined  by  known 

7.8 

28.1 

0.18 

0.6 

methods 

because 

of  unsaturated 

7.9 

28.4 

0.16 

0.6 

alcohols 

8.7 

27.8 

0.12 

0.4 

.... 

4.3 

13.8 

0.1 

0.3 

3.3 

9.2 

0.11 

0.3 

1.59 

4.5 

2.7 

7.5 

0.2 

0.6 

2.6 

7.3 

0.8 

2.2 

0.36 

1.0 

7.26 

20.3 

0.0 

0.0 

1.0 

2.6 

6.6 

17.2 

0.0 

0.0C 

2.9 

7.0 

9.56 

22.9 

0.0 

0.0 

8.0 

17.6 

0.0 

0.0 

0.0 

0.0 

18.4 

36.8 

3.15 

6 . 3 

0.0 

0.0 

24.3 

369.3 

2.2 

33.4 

Apparent  Excess 
above  100  Per 
Cent  Because  of 
Unsaturated 
Alcohols 


Weight 

Per 

Cent  of 
Frac¬ 
tion 

Weight 

Per 

Cent  of 
C3  + 

X  100 

+4.5 

18.4 

+4.0 

14.4 

+3.5 

12.6 

+2.0 

6.4 

+  1.3 

4.2 

+2.1 

4.6 

o  From  reaction  water,  calculated  as  per  cent  of  od  product. 
b  Very  uncertain  from  here  to  >440. 
e  Oxidation  during  distillation  of  C22  +  . 


process  with  a  recycle  ratio  of  10  is  about  150  cu  m  of  CO  +  H*  per  hr 
per  cu  m  of  catalyst.  The  specific  yield  is  170  g  ot  C3+  per  cu  m  of  CC 
+  H,  reacted.  About  10  per  cent  of  the  reacted  gas  is  converted  to 
methane.  Of  the  170  g  of  C3  +  ,  35  g  is  gasol,  and  30  g  boils  abov e  40  . 

The  alcohol,  olefin,  ester,  acid,  and  saturated  hydrocarbon  contents 
of  the  synol  product  are  given  in  Table  42  in  weight  per  cent  and  in 
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Table  43  in  mole  per  cent.  Table  42  is  a  copy  of  Dr.  Reisinger’s  anal¬ 
ysis.75  On  the  basis  of  data  in  other  documents  7S- 76  the  product  distribu¬ 
tion  in  the  synol  process  was  estimated  to  be,  in  weight  per  cent:  9 
methane,  3.5  ethane  -f-  ethylene,  17  gasol,  GO. 5  oil,  10  organic  water- 
solubles.  The  water-solubles  contain,  in  weight  per  cent,  approximately 
10  methanol,  30  ethanol,  40  propanol,  and  10  butanol  -f  higher  alcohols. 
From  these  distribution  estimates  and  the  data  of  Table  42  to  obtain 
the  detailed  carbon  number  distribution  in  the  oil,  the  data  of  Table  43 

Table  43.  Distribution  of  Synol  Product,  Mole  Per  Cent  a 


c 

Number 

Alcohols 

Olefins 

Saturated 

Hydro¬ 

carbons 

Total 

C 

Number 

Alcohols 

Olefins 

Saturated 

Hydro¬ 

carbons 

Total 

1 

2.35 

37.3 

39.65 

13 

0.269 

0.120 

0.032 

0.421 

2 

4.36 

5.98 

1.37 

11.71 

14 

0.209 

0. 131 

0.020 

0.360 

3 

4.55 

9.68 

2.33 

16.56 

15 

0.275 

0.090 

0.019 

0.384 

4 

1.47 

7.41 

1.79 

10.67 

16 

0.203 

0.108 

0.009 

0.320 

5 

0.765 

2.09 

0.67 

3.525 

17 

0.096 

0.084 

0.008 

0.188 

6 

0.681 

3.17 

0.78 

4.631 

18 

0.141 

0.078 

0.011 

0.230 

7 

0.783 

1.075 

0.87 

2.728 

19 

0.140 

0.072 

0 . 007 

0.219 

8 

0.645 

0.938 

0.39 

1.973 

20 

0.123 

0.078 

0 . 007 

0  2f)8 

9 

0.627 

0.424 

0.36 

1.411 

21 

0.110 

0.045 

0.006 

0  161 

10 

0.651 

0.245 

0.19 

1.086 

22 

0. 191 

0.030 

0.006 

0.227 

11 

0.502 

0.125 

0.13 

0.757 

23 

0.848  b 

0.028 

0.006 

12 

0.460 

0.203 

0.045 

0.708 

24 

0.078 

0.039  c 

1 

>24 

0.824 

‘  >222  c‘lZr‘  “U"  +  M'kyda  +  “id*  “  ind“ded  ‘b°™  d»«b«io„. 

c  >23  C  number. 

were  calculated  It  is  probable  that  the  yield  of  methanol  in  the  reaction 
water  ,s  only  a  fraction  of  the  actual  yield.  Because  of  its  volatility  a 
a,ge  rai't'on  °?  the  "tcthanol  probably  was  collected  as  gasol  No 
co.rec  ,on  lor  this  was  made  in  calculating  the  mole  percentages  in  Table 
43.  On  a  weight  per  cent  basis  (Table  42)  it  is  apparent  that  the  bulk 
of  the  C3+  product  consists  of  alcohols  and  olefins  with  min  ,• 
of  saturated  hydrocarbons,  esters,  ketones,  aWeh  Je  aZ n 

amounts  of  fatty  acids.  On  a  mole  per  cent  basts  (TaWe  ]3  theC 
fraction  is  largely  methanp  wtnmoo  n  .1  ,•  V  auie  * 6 '  ,he  ^1 

10-20  per  cent  of  raturated  hjd"^!  Ab  7T“  °'"y 

the  product  is  methane.  The  C,-C  mini'  011,  37  raole  Per  cent  of 
cent  of  the  total  product  in  1*  m 7  iT™  55  P* 

The  composition  of  the  syno, 


:m 


Fischer -Tropsch  Process  Development 


dustry  to  provide  suitable  processes  for  its  utilization.  This  composi¬ 


tion  is  also  of  significance  in  discussions  of  the  mechanism  of  the  Fischer- 


Tropsch  synthesis. 

Processes  Using  Fixed  Beds  of  Granular  or  Pelleted  Catalysts 
with  Internal  Cooling  by  Direct  Heat  Exchange 


THE  HOT-GAS  RECYCLE 


In  1938-1939  W.  Michael  of  the  I.G.  Farben.  developed  the  hot-gas- 
recycle  process  75-77'78  in  which  the  heat  of  reaction  was  removed  as 
sensible  heat  in  the  reaction  gas.  The  temperature  rise  in  the  catalyst 
bed  from  entrance  to  exit  of  the  reaction  gas  was  limited  to  about  10° C. 


This  necessitated  a  very  high  rate  of  recycle  of  hot  gas  of  the  order  of 


100  volumes  of  end  gas  per  volume  of  fresh  gas,  corresponding  to  a  con¬ 
tact  time  of  about  0.7  sec.  The  heat  of  reaction  was  absorbed  in  an 
external  heat  exchanger  placed  in  the  recycle  circuit.  Operating  tem¬ 
perature  was  320°-330°C  and  operating  pressure  20  atm.  The  catalyst 
was  prepared  by  making  a  paste  of  iron  powder  (obtained  from  de¬ 
composition  of  iron  carbonyl)  with  a  dilute  solution  of  borax  (1  per  cent 
of  borax  based  on  iron).  The  paste  was  formed  into  1-cm  cubes;  they 
were  dried  and  heated  in  a  hydrogen  atmosphere  at  850°  C  for  several 
hours  before  use  in  the  synthesis. 


The  conversion  per  cycle  was  about  1  per  cent  of  the  fresh  gas.  The 
tter  was  purified  water  gas  with  a  hydrogen :  carbon  monoxide  ratio 
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inlet  of  the  converter  was  320°C,  and  at  the  outlet  330°C.  The  outlet 
gas  was  cooled  to  323° C  in  a  heat  exchanger  and  then  to  320° C  by  ad¬ 
dition  of  cold  fresh  gas.  The  end  gas  removed  from  the  recycle  was 
passed  at  20  atm  through  a  hot  (100°C)  separator,  water  coolers  at  20°- 
30° C,  and  finally  a  refrigerated  separator  at  minus  40°-45°C.  Ahead  of 
the  refrigerated  separator,  water  vapor  was  removed  by  calcium  chlo¬ 
ride.  After  the  refrigerated  separator,  carbon  dioxide  in  the  gas  was  re¬ 
moved  by  scrubbing  with  “alkazid”  solution  and  the  C02-free  tail  gas 
was  sent  to  the  second  stage. 

To  start  the  plant,  the  heat  exchanger  between  the  recycle  com¬ 
pressor  and  the  reactor  was  heated  by  steam  at  20  atm  and  gas  re¬ 
cycling  was  started.  The  temperature  was  increased  to  320° C  by  using 
an  electric  heating  system  in  the  gas  recycle  line.  After  a  few  hours,  a 
steady  state  was  reached  so  that  only  minor  adjustments  occasionally 
were  necessaiy.  The  conversion  was  78-82  per  cent  of  the  entering 
CO  +  H2,  and  the  C02  content  of  the  tail  gas  30-45  per  cent.  The 
space-time-yield  was  0.8  kg  product  per  1  of  catalyst  space  per  24  hr,  at 
a  fresh-gas  space  velocity  of  270  volumes  per  volume  of  catalyst  per  hr. 

Occasionally  a  second-stage  operation  was  installed,  using  a  5-1  labo¬ 
ratory  reactor  to  which  was  fed  about  5  per  cent  of  the  tail  gas  from  the 
pilot  plant.  The  overall  conversion  in  two  stages  was  92-93  per  cent. 
The  space-time-yield  in  the  second  stage  was  about  0.G  kg  product  per 
1  of  catalyst  per  24  hr.  Usually  the  catalyst  deteriorated  measurably 
after  2  months  of  operation.  Its  surface  was  coated  with  a  material 

'V  ,lch  ™u  d  be  extracted  Wlth  benzene  or  xylene,  and  thereby  the  cata¬ 
lyst  activity  was  partially  restored. 

A  larger  reactor  containing  4  cu  m  of  catalyst  was  built  and  tested 
The  catalyst  bed  was  80  cm  thick  and  was  contained  in  a  horizontal  cyl¬ 
inder,  designed  (sec  Figure  14)  for  minimum  pressure  drop.  The  ho - 

cS;  leTnie  T  ?'  60  **“  a  ^-pressure  coil  in  the  re- 

t  ,  “■ .  10  ,ncrease  the  hfe  of  the  catalyst,  a  small  fraction  of  the 

r-  £  cssr  srrr:  *• 

brought  to  reaction  temperature  by  an  electric  preheater  The  nT  7“ 

t.on  amounted  to  about  3  tons  of  products  per  24  hr  Afte  •  7-8  "  U 
of  opciation  the  production  of  ^  weeks 

decrease  in  that  of  liquid  products  On^^th  &  COrresponding 

an  abnormally  high  temperature  On  +•  thermocouPles  showed 

»•  ~  * . - 
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lyst  particles  were  densely  packed  in  carbon  and  were  partially  spalled. 
Obviously,  the  gas  velocity  was  not  uniform  through  the  bed  and  had 
been  so  low  at  this  spot  that  the  expected  temperature  increase  of  10°C 
had  been  exceeded,  causing  carbon  deposition  and  a  large  yield  of 
methane.  It  seemed  likely  that  the  change  in  velocity  and  direction  of 
gas  flow  at  the  entrance  to  the  catalyst  space  caused  sufficient  turbu¬ 
lence  to  result  in  a  higher  velocity  through  part  of  the  bed  and  a  very 


Water 

condensate 

inlet 


low  velocity  in  the  region  where  the  hot  spot  developed.  Baffles  were 
inserted  so  as  to  avoid  such  channeling,  and  the  catalyst  bed  was  divided 
into  three  horizontal  layers  with  sufficient  gas  space  between  layers  to 
insure  a  redistribution  of  gas  flow  before  each  layer.  Performance  was 
greatly  improved  by  these  changes,  but  again  after  2  months  operation 
there  was  evidence  of  a  hot  spot  and  soot  formation  in  the  part  of  t  ic 

catalyst  closest  to  the  point  of  entry  of  the  feed  gas 

A  redesign  of  the  reactor  by  Michael,78  to  provide  more  efficient  gas 
distribution  and  cooling,  is  shown  in  Figure  15  The  catalyst  and  cool- 
ing  sections  are  arranged  alternately  in  several  layers  in  series  within  a 
vertical  cylinder.  This  design  was  not  tested.  Michael  was  Prim's  .< 
about  the  feasibility  of  satisfactory  operation  lor  mo« ^  an 
months  and  suggested  18  that  arrangements  should  be  made  to  te  g 
fresh  catalyst  at  2-month  intervals. 
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The  proximate  composition  of  the  products  produced  in  the  400-1  con¬ 
verter  is  shown  in  Table  44.  The  data  are  for  two-stage  operation  with 
carbon  dioxide  removal  between  stages.  The  unrefined  gasoline  had  a 
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Figure  4-15.  Multilayer  converter  for  gas  recycle,  20  atm.  Reproduced  from  refer- 

ence  78. 

75-81  research  octane  number  whiph  r.  . 

over  bauxite  at  300°-400°C)  to  84-86  T1  *  tvP0I1  lefinmg  (Passage 

cetene  number  and  a  m,„us  25»C  pour  po  J  Th^' fi  "a,‘  *  ^ 

gasoline  was  70  per  cent  and  t  J  J 
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oxygen  compounds  in  the  reaction  water  contained,  in  weight  per  cent, 
10  acetaldehyde,  5  acetone,  55  ethanol,  20  propanol,  10  butanol  and 
higher  alcohols. 

1  he  product  composition  of  Table  44  is  very  similar  to  that  obtained 
in  the  fluidized-iron-catalyst  process  (see  p  430  of  this  chapter).  The 

Table  44.  Products  of  I.G.  Farben.  Hot-Gas-Recycle  Process 

Grams  per  Cubic  Meter 


of  H2  +  CO 

Composition  of 

«■ - 

- , 

Refined  Product, 

Constituent 

Raw 

Refined 

weight  per  cent 

Methane  +  ethane 

35 

35 

25.5° 

Ethylene 

10 

8 

29 

C3  (70-80  per  cent  olefin) 

17 

Polymer- 

12 

gasoline 

.  .  .  . 

C4  (70-80  per  cent  olefin) 

14 

1 L CU  tlVJll 

11 

2  Diesel 

.... 

Gasoline  to  200  °C 

83 

78 

54.7 

Diesel  oil,  200°-320°C 

21 

21 

11.8 

Wax 

1 

5 

1. 

5 

0.8 

Oxygen  compounds 

(chiefly  ethanol  and 

propanol) 

14 

14 

7.2 

Refinery  loss  (chiefly  as 

C1-C3  sat  urated 

hydrocarbons) 

15.0 

.... 

Totals 

195 

5 

195 

5 

100 

o  Includes  all  C1-C3  saturated  hydrocarbons. 

operating  temperatures  and  pressures  are  virtually  the  same  foi  the  two 
processes,  and  it  is  significant  that  the  catalyst  must  be  discharged  and 
replaced  at  frequent  intervals  in  both  processes. 


THE  OIL-RECYCLE  PROCESS 

The  heat  evolved  in  the  Fischer-Tropsch  synthesis  can  be  efficiently 
removed  by  direct  heat  exchange  between  the  reaction  mixture  and  an 
oil  circulated  through  a  granular  bed  of  catalyst.  The  heat  may  be 
absorbed  as  sensible  heat  of  the  oil,  as  heat  of  evaporation  of  the  oil,  or 
by  a  combination  of  both  conductive  and  evaporative  cooling,  this 
type  of  operation  was  developed  in  1934-1943  by  F.  Duftschm.d,  E. 
Linckh,  and  F.  Winkler  at  the  I.G.  Farben.’*-"  and  further  by  Peck, 

79 T.O.M.  Reel  134,  Item  1-a,  No.  8;  Item  I-b,  Nos.  11,  12,  I3- 
»  F  Duftschmid,  E.  Linckh,  and  F.  Winkler,  U.  S.  Patents  2,159,077  Mty». 

1939;  2,207,581,  July  9,  1940;  2,287,092,  June  23,  1942;  2,318,602  ay  , 

81  M.  Pier  and  W.  Michael,  U.  S.  Patent  2,167,004,  July  25,  1939. 
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Atwell,  and  Sensei  82-84  in  the  Standard  Oil  Development  Company  and 
the  Texas  Company. 

In  most  of  this  development  work,  a  fraction  of  the  oil  from  the  process 
itself  was  used  as  cooling  oil.  The  boiling  range  of  the  cooling  oil  was  so 
chosen  that  about  50  per  cent  of  the  heat  of  reaction  was  removed  by 
vaporization  of  fractions  of  the  cooling  oil,  and  the  remainder  by  sensible 
heat  of  this  oil.  Duftschmid  and  his  coworkers  apparently  believed 
that  removal  of  an  appreciable  part  of  the  reaction  heat  by  evaporation 
of  the  cooling  oil  was  essential  for  successful  operation  of  the  process. 
Later  work  at  the  U.  S.  Bureau  of  Mines  (described  below  in  this  sec¬ 
tion)  has  shown  that  it  is  feasible  and  probably  more  efficient  to  operate 
with  little  or  no  evaporative  cooling.  The  amount  of  cooling  oil  per 
unit  weight  of  oil  synthesized  increased  with  decrease  in  the  proportion 
of  evaporative  cooling  and  with  decrease  in  the  temperature  rise  per¬ 
mitted  in  passage  of  the  oil  through  the  catalyst  bed. 

Duftschmid  78  presents  the  following  tables  (45  and  40),  showing  the 
number  of  kilograms  of  cooling  oil  needed  per  kilogram  of  oil  product  for 

Table  45.  Cooling  Oil  Necessary  for  100  Per  Cent  Conductive  Cooling 

Temperature  Rise  Kilograms  of  Cooling  Oil 
through  the  Catalyst,  °C  per  Kilogram  Oil  Product 


5 

1,600 

10 

800 

25 

320 

50 

156 

Table  46. 


Cooling  Oil  Necessary  for  Varying  Proportions  of  Evaporative 
and  Conductive  Cooling 


83  u  v  n  .t  o,  June  id,  i'Jdy. 

84  p  f  «  at6nt  2’433’225.  ^c.  23,  1947 

•  E.  Sensei,  l).  S.  Patent  2,411,760,  Nov.  26,  1946. 


Per  Cent  of  Heat 
Removed  by 
Evaporation 

Kilograms  of  Cooling  Oil  per  Kilogram  Oil 
Product  for  a  Temperature  Rise  through  the 
Catalyst  of 

5° 

10° 

25° 

50° 

60° 

80  °C 

10 

25 

50 

75 

532 

266 

145 

100 

400 

280 

135 

93 

230 

160 

122 

80 

132 

105 

79 

63 

112 

92 

72 

58 

87 

76 

62 

51 
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90  per  cent  conversion  of  ICO  +  0.8H2  with  2.7  cu  m  of  end  gas  and  0.23 
kg  of  water  formed  per  kg  of  oil  product.  In  Duftschmid’s  experiments 
the  temperature  rise  through  the  catalyst  bed  was  about  50° C,  and  the 
cooling  oil  flow  into  the  bed  was  40-60  kg  per  kg  of  oil  product.  This  is' 
lower  than  the  79  kg  shown  in  Table  46  for  50  per  cent  evaporative  cool¬ 
ing,  and  the  difference  represents  heat  losses  from  the  converter  and 


Figure  4-16.  Flow  diagram,  oil-circulation  process.  Reproduced  from  reference  78. 


auxiliary  piping,  oil  pump,  etc,  to  the  atmosphere.  Figure  16  is  a  flow 
diagram  for  these  experiments.  The  reactors  were  50  and  20  cm  in  di¬ 
ameter  and  the  height  of  the  catalyst  bed  was  6  m.  The  operating  tem¬ 
peratures  were  240°  -200° C  in  stage  1  and  270°-320°C  in  stage  2;  tie 
pressure,  15-25  atm.  The  space  velocity  was  about  140  volumes  (meas¬ 
ured  at  atmospheric  pressure)  of  ICO  +  0.8H2  per  volume  of  catalyst 
per  hour.  No  recycling  of  end  gas  was  done  in  these  experiments. 

The  catalyst  (I.G.  Farben.-Linckl,  No.  997)  was  prepared  by  mixing 
1  kg  of  iron  powder  with  25  g  of  silicon  powder,  25  g  of  titanium  dioxide 
50  g  of  potassium  permanganate,  and  50  g  ol  water  e  mix  une  wa 
fused  in  an  electric  arc,  crushed  to  4-10-mm  size,  and  reduced.  Reduc 
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tion  was  done  with  carefully  dried  hydrogen  at  450°-500°C  and  a 
throughput  of  200-300  1  per  kg  of  catalyst  per  hr  for  5-6  days.  The  re¬ 
duced  catalyst  after  cooling  in  hydrogen  was  flushed  with  carbon  dioxide 
and  transferred  to  the  reactor  under  a  blanket  of  carbon  dioxide. 

Pilot-plant  tests  in  a  1.5-cu-m  converter  were  done  in  1938.  The  oper¬ 
ation  was  a  single-stage  test  of  5  months’  duration,  producing  9  tons  of 
hydrocarbons  (C3 -(-)  per  month.  This  yield  was  8.3  kg  per  cu  m  of 
catalyst  per  hr.  Duftschmid  78  stated: 


The  process  was  thus  proved  to  be  practical  and  safe.  The  robustness  of  the 
catalyst  is  characteristically  indicated  by  an  experiment  with  the  1.5  cu  m  re¬ 
actor  in  which  the  catalyst  was  used  without  deterioration  after  the  reactor  had 
been  in  disuse  for  two  years.  .  .  .  The  second  stage  operation  was  operated  suc¬ 
cessfully  using  a  makeshift  200-1  converter  over  a  period  of  one  month  (un¬ 
fortunately,  a  complete  two-stage  pilot  plant  was  unavailable). 


Preheated  synthesis  gas  and  recycle  oil  (boiling  range,  3  per  cent  150°- 
200 °C,  12  per  cent  200°-250°C,  17  per  cent  250°-300°C,  and  68  per  cent 
above  300°C)  passed  through  the  converter  from  bottom  to  top  in  con¬ 
current  flow.  Exit  oil  and  gas  exchanged  heat  with  the  cold  recycle  oil 
and  then  passed  to  a  steam  boiler  from  which  they  emerged  at  120°C. 
At  this  temperature  oil  condensable  at  120°C  was  separated  and  re¬ 
cycled  to  the  reactor.  The  gases  and  vapors  not  condensed  at  120°C 
were  cooled  to  room  temperature,  and  an  aqueous  layer  and  an  oil  layer 
were  obtained  in  the  cold  catch  pot.  When  operated  in  two  stages  the 
end  gas  from  the  cold  catch  pot  was,  according  to  Duftschmid,78  passed 
to  the  second  stage,  which  was  similar  to  the  first.  After  the  second 
stage,  either  the  tail  gas  was  reduced  almost  to  atmospheric  pressure  and 
passed  through  the  activated-charcoal  plant,  or  it  was  passed  at  oper- 

a  mg  pressure  to  an  oil  scrubber  for  recovery  of  gasoline  vapors  and  C, 
and  C  4  gases.  d 

In  the  curves  of  Figure  17  Duftschmid  ™  shows  the  temperature  and 
conversion  gradients  through  the  reactor.  It  is  apparent  that  the 
bottom  half  of  the  catalyst  converted  much  less  CO  +  H2  than  the  ton 

te  l  ,  0  ,ICd>  mnhe  t0P  metCr  °f  the  -bolt  one-lmlf  of  the 

total  (o0  per  cent)  conversion  occurred  To  remedv  tbi*  ™ 

"fi :  ske:  r:  -r  ™* « - 
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total  conversion  of  75  per  cent,  the  specific  yield  in  the  second  stage  was  140  to 
150  g  (per  cu  m  of  ICO  +  O.8H2  reacted)  whereas  165  to  170  g  were  obtained  in 
the  first  stage  (at  50  per  cent  conversion). 

The  Synthetic  Liquid  Fuels  Research  and  Development  Branch  of 
the  Bureau  of  Mines,  U.  S.  Department  of  the  Interior,  has  been  doing 
development  work  on  the  oil-circulation  process  since  1944. 85 

A  typical  flow  diagram  is  given  in  Figure  18.  Synthesis  gas,  recycled 
end  gas,  and  circulated  cooling  oil  are  passed  concurrently  upward 


CATALYST  HEIGHT,  METERS 

Figure  4-17.  Temperature  and  synthesis  gas  conversion  gradients  in  Duftschmid’s 
oil-circulation  reactor.  Reproduced  from  reference  78. 


through  a  bed  of  catalyst  granules.  The  cooling  oil  is  separated  from  the 
gases  and  vapors  and  recycled.  In  the  early  experiments  both  granular 
and  pelleted  precipitated  iron  catalysts  were  used  and  found  quite  active. 
After  a  short  period  of  operation,  however,  these  catalysts  crumbled 
because  of  hydraulic  erosion  by  the  cooling  oil.  Subsequently  a  fused 
mao-netite  catalyst  containing  suitable  promoters  was  used.  Although 
less"  active  than  precipitated  iron  catalysts,  the  fused  magnetite  has  a 
high  crushing  strength  and  is  not  disintegrated  by  hydraulic  erosion.  A 
cooling  oil  boiling  in  the  range  300°-450°C  at  atmospheric  pressure's 
used  so  most  of  the  heat  of  reaction  is  removed  as  sensible  heat  ot  the  oil, 
rather  than  by  heat  of  vaporization.  The  cooling  oil  circulation  rate  is 
adi listed  so  that  the  increase  in  cooling  oil  temperature  during  passage 
through  the  catalyst  bed  is  only  about  15°C.  A  cold-gas  recycle  is  em- 

ss  j.  H.  Crowell,  H.  E.  Benson,  J.  Field,  and  H.  H.  Storch,  Fischer-T ropsch  Pilot- 
Plant  Studies  of  Oil  Circulation  Processes  at  the  U.  S.  Bureau  of  il  ines,  piesen  ec  a 
the  1 17th  National  Meeting  of  the  American  Chemical  Society,  Houston,  Texas, 
March  26-30,  1950.  To  be  published  m  Ind.  Eng.  Chem. 
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ployed  so  that  water  formed  in  the  synthesis  is  condensed  and  not  re¬ 
cycled. 

Several  pilot-plant  tests  of  1-3  months’  duration  were  made,  using 
2-4  and  4-6  mesh  fused  catalyst  containing  93.5  per  cent  Fe304,  4.6  per 
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Reproduced  from  reference  85. 

drogen  was  displaced  by  C02  and  the  ,  *  atm«sPhere.  1  he  hy- 
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perature  while  the  pressure,  fresh-gas  feed  rate,  and  end-gas  recycle 
ratio  were  held  at  their  normal  operating  values.  Most  experiments 
were  run  at  300  fresh-feed  space  velocity  (volumes  of  fresh  feed  at  NTF 
per  hour  per  volume  of  catalyst)  and  70  per  cent  synthesis  gas  conversion. 
The  gas-recycle  ratio  (volumes  of  end  gas  per  volume  of  fresh  gas)  was 
varied  to  adjust  the  H2:CO  use  ratio  as  closely  as  was  practical  to  that 
of  the  feed  gas,  so  that  the  second  stage  of  the  synthesis  would  operate 
with  gas  having  the  same  H2:CO  ratio  as  that  fed  to  the  first  stage.  It 
was  found  necessary  to  terminate  the  synthesis  after  2-3  months,  even 
though  the  catalyst  was  still  active,  because  the  pressure  drop  across  the 
catalyst  bed  had  risen  from  its  initial  value  of  5  psi  to  35  psi.  This  high- 
pressure  differential  greatly  increased  the  power  required  for  circulation 
of  the  cooling  oil  and  of  end  gas.  On  inspection,  the  catalyst  particles 
were  found  to  be  tightly  cemented  together,  and  the  catalyst  bed  had 
to  be  drilled  and  chiseled  to  remove  it  from  the  reactor. 


Among  other  changes  made  to  alleviate  this  difficulty,  the  H2:CO 
ratio  in  the  fresh  feed  gas  was  increased  from  1:1  to  1.3:1.  Use  of  the 
1.3H2:  ICO  feed  gas  reduced  the  rate  of  increase  of  the  pressure  drop. 
An  increase  from  5  to  only  15  psi  was  observed  during  3  months  of  opeia- 
tion,  as  compared  with  35  psi  under  otherwise  identical  conditions  w  ith 
1 H2  :  ICO  feed  gas.  Even  with  1.3H2:lCO  gas,  however,  the  catalyst 
particles  again  were  found  cemented  together.  To  solve  the  problem 
of  catalyst  cementation,  a  smaller  particle  size  of  catalyst  was  used,  and 
the  cooling  oil  was  circulated  at  a  sufficiently  high  rate  to  expand  the 
catalyst  bed  by  about  25-35  per  cent  of  its  settled  volume  and  to  keep 
the  catalyst  particles  in  continuous,  agitated  motion.  The  linear  ve¬ 
locity  of  the  cooling  oil  required  to  produce  this  motion  in  a  bed  of  8-16 
mesh  fused  magnetite  catalyst  was  0.10-0.15  ft  per  sec.  Several  satis¬ 
factory  pilot-plant  runs  employing  the  moving  catalyst  bed  were  made 
and  although  some  reduction  in  particle  size  of  the  catalyst  occurred 
after  a  period  of  time,  only  a  negligible  amount  of  finely  divided  catalyst 
was  present  in  the  cooling  oil  recycle.  Moving-bed  operation  was  su¬ 
perior  to  fixed-bed  synthesis  not  only  because  catalyst  cementation  was 
prevented,  but  also  because  the  use  of  the  smaller  catalyst  particles 
provided  greater  catalyst  activity.  For  example,  m  fixed-bed  operatic 
using  54  lb  of  4-6  mesh  fused  catalyst,  an  average  operating  temperature 
„f  248°-258°C  was  required  for  70  per  cent  conversion  of  124  cu  It 
(NTP)  per  hr  of  1.3H2:  ICO  gas.  For  the  same  conversion  in  a  mo\i  g 
bed  with  27  lb  of  the  same  catalyst  of  8-16  mesh,  a  temperature  o only 
240°-245°C  was  necessary.  Thus,  even  though  twice  the  amount  of  g 
„„„  converted  per  pound  of  catalyst  in  the  moving  bed,  a  0  C  lowei 
temperature  prevailed.  The  advantages  of  the  moving-bed  operation 


The  Oil-Recycle  Process 


407 


over  the  fixed  beds  are  (1)  greater  facility  of  operation,  including  ease  of 
replacing  used  catalysts;  (2)  use  of  a  lower  operating  temperature  with 
the  probability  of  lower  Ci,  C2,  and  C2=  specific  yields  (see  Table  47); 
(3)  greater  synthesis  gas  conversion  per  pound  of  catalyst,  resulting  in 
material  reduction  of  catalyst  cost. 

Typical  operating  and  yield  data  are  presented  in  Tables  47  and  48  for 

Table  47.  U.  S.  Bureau  of  Mines  Operating  Data  for  the  Oil-Circulation 

Process 


(3  in.  by  10  ft,  reactor,  20  atm,  Fe3O4-MgO-Cr2O3-MnO-SiO2-K2O-93.5:4.6:0.65: 
0.5:0.6:0.6  fused  catalyst.  Fresh  feed  gases  contained  0.5  per  cent  or  less  of  inerts.) 


Run  number 
Catalyst  bed 

Maximum  temperature,  °C 
Temperature  differential,  °C 
H2:CO  ratio  of  feed  gas 
Hourly  space  velocity  (vol¬ 
umes  of  gas  per  hour  per 
volume  of  catalyst) 

Fresh  feed-gas  rate  a 

Gas  recycle  ratio 

H>  -f  CO  conversion,  per  cent 

H2:CO  use  ratio 

Ci  +  C2,  g  per  cu  m  feed  gas 

C3  4" ,  g  per  cu  m  of  feed  gas  6 


14  17  19 

Fixed,  8  ft,  Fixed,  8  ft,  Moving,  5.2 
4-6  mesh  4-6  mesh  ft,  8-16  mesh 
254-265  255-265  244-249 

16  15  6 

1:1  13:1  1.3:1 


300  302  462 

124.5  124.2  123.2 

2:1  1:1  1:1 

69.9  70.0  70.3 

1;1  11:1  1.04:1 

24-5  26.3  21.9 

99.9  108.8  117.2 


0  Standard  cubic  feet  per  hour. 
h  Values  have  been  corrected  for  theoretical 
bauxite  or  similar  treatment  without  losses. 


removal  of  oxygenated  groups  by 


14 

13 


.3 


Table  48.  Prooucts  •  oe  U.  S.  Bureau  or  M.nes  0.„C,rculat,o»  Process 

(Grams  per  cubic  meter  of  feed  gas  at  70  per  cent  conversion.) 

Run  number 
Methane, 

Ethane 
Ethylene 

Gasoline  6  (to  204 °C) 

Diesel  oil  (204°-316°C) 

Fuel  oil  (316°-450°C) 

Wax  (>450°C) 

Oxygenated  compounds  in 
water  layer 

“■“■***>  — assumed 

Includes  C3  and  C4. 


9.2 

2.0 

71.9 

11.3 

8.0 

8.7 


15.0 


17 

13.9 

10.2 

2.2 

72.5 

12.3 

13.8 

10.2 


11.3 


19 

10.3 
7.6 
4.0 

73.2 

13.4 

15.6 
15.0 

8.6 


m 
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fixed-bed  operation  with  1 : 1  and  1.3:1  H2:CO  feed  gas,  and  for  moving- 
bed  operation  with  1.3:1  H2 :  CO  feed  gas.  Data  have  not  yet  been 
obtained  for  the  use  of  1 : 1  II2:CO  feed  gas  in  the  moving  bed. 

In  general,  the  product  distribution  from  the  fixed  and  agitated  beds 
were  alike  except  for  the  somewhat  lower  total  yield  of  the  Ci  +  C2 
components  in  the  moving  bed.  Properties  of  the  gasoline  and  Diesel 
oil  were  about  the  same  for  the  two  types  of  operation.  The  gasoline 
fractions  had  bromine  numbers  of  50-60,  and  the  antiknock  octane  rating 
of  the  untreated  gasoline  was  65  (motor  method).  The  Diesel  fraction 
had  a  cetane  rating  of  78. 

During  run  19  the  conversion  was  decreased  to  50  per  cent  by  lowering 
the  hourly  space  velocity  to  230  and  the  temperature  to  219°C.  Under 
these  conditions  the  Ci  +  C2  yield  dropped  to  16.0  g  per  cu  m  of  fresh 
feed  gas.  In  another  experiment  during  run  19  the  end-gas-recycle  ratio 
was  increased  to  observe  the  effect  on  the  H2:CO  use  ratio  and  on  the 
Cx  +  C2  yields.  The  results  are  given  in  Table  49.  Table  49  shows 


Table  49.  Use  Ratio  and  Ci  +  C2  Yield  at  Different  End-Gas-Recycle 
Ratios  in  U.  S.  Bureau  of  Mines  Oil-Circulation  Process 

(3  in.  by  5.2  ft  moving  bed  of  8-16  mesh  catalyst,  hourly  space  velocity  230  volumes 
of  fresh  gas  per  volume  of  catalyst.  Conversion  of  1.3H2  +  ICO  was  70  per  cent.) 


Recycle 
Ratio,  End 
Gas:  Fresh 
Gas 
1 
2 

3 

4 

5 

6 
7 
1 


Tempera¬ 

C02  in  End  Gas, 

ture,  °C 

per  cent 

238 

27.4 

233 

25.1 

232 

23.4 

231 

22.9 

232 

21.5 

233 

20.3 

231 

21.5 

238 

26.6 

Use  Ratio, 

Ci  +  C2,  g  per 
cu  m  of  H2  -f-  CO 

H2:CO 

converted  ° 

0.99 

30.7 

1.03 

31.6 

1.15 

29.8 

1.13 

26.0 

1.15 

22.5 

1.22 

20.3 

1.21 

24.0 

1.02 

30.6 

.  The  data  in  this  column  must  be  multiplied  by  0.70  to  compare  them  with  the 
corresponding  data  in  Tables  47  and  48. 


that,  when  an  end-gas-  to  fresh-gas-recycle  ratio  °f _0 i  was  used  a  max- 
™  R  TO  use  ratio  of  1.22  and  a  minimum  of  20.3  g  of  Ci  +  C2 
p™r  cu  n^of  H2  +  CO  converted  were  obtained.  The  development  wor 
on  this  process  has  not  yet  been  completed.  A  careful  study  of  catalyst 
preparation  and  of  induction  procedures  is  in  progress. 


Liquid-Phase  Suspensions 
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Processes  Using  Suspensions  of  Powdered  Catalysts 


LIQUID-PHASE  SUSPENSIONS 

In  1935  the  Ruhrchemie  and  the  Gewerkschaft  Viktor  in  Germany 
conducted  some  tests,  using  a  suspension  of  cobalt  catalyst  in  oil  for 
the  Fischer-Tropsch  synthesis.86'87  A  high  rectangular  tower  was  used. 
The  heat  of  reaction  was  removed  by  water-cooled  tubes  uniformly  dis¬ 
tributed  through  the  converter.  The  flow  of  the  synthesis  gas  was  either 
concurrent  or  countercurrent  to  the  flow  of  the  catalyst-oil  suspension. 
The  initial  results  were  fairly  promising,  but  after  a  short  time  methane 
formation  increased  rapidly  because  of  settling  of  catalyst  on  the  cooling 
tubes. 

From  1939  to  1944  additional  laboratory  anti  pilot-plant  work  with 
liquid-phase  suspensions  was  done  at  Rheinpreussen,  Ruhrchemie,  and 
I.G.  Farben.  At  Rheinpreussen  most  of  the  experimental  work  88- 89 
was  done  in  reactors  5  cm  in  diameter  by  350  cm  high,  containing  a 
porous  ceramic  disc  at  the  bottom  for  gas  distribution.  The  liquid 
vehicle  usually  was  the  Diesel  oil  fraction  from  the  Ruhrchemie-type, 
cobalt-catalyst,  commercial  process.  Unfortunately,  none  of  the  tests 
was  of  sufficient  duration  to  replace  this  vehicle  by  one  characteristic 
ot  the  liquid-phase  catalyst-oil  suspension  process.  A  number  of  in¬ 
teresting  facts,  however,  were  disclosed  by  the  Rheinpreussen  experi¬ 
ments.  The  catalyst  used  in  these  tests  was  prepared  by  precipitation 
with  sodium  carbonate  from  ferric  nitrate  plus  copper  nitrate  solutions. 
After  filtration  and  washing,  the  catalyst  was  impregnated  with  a  dilute 
potassium  carbonate  solution,  and  the  paste  was  then  dried  and  ground 

°notUn\r°-mnirrrtidel  ^  ItS  comPositio"  was  approximately 
lOOFe.O.oCu  0.7K2O  (weight  ratio).  About  12  per  cent  by  weight  of 

catalyst  powder  was  added  to  the  oil  vehicle,  and  5  kg  of  the  mixture 

was  put  ,„to  the  reactor.  The  best  results  were  obtained  by  pmtmfting 

he  catalyst-oil  suspension  with  pure  carbon  monoxide  at  2  atm  for  9  hr 

heerd t:2?clirthesk- The  di-c» Lt 

neated  to  200  G  while  passing  100  1  of  nitrogen  per  hr  through  it  •  tl 
te  nitrogen  flow  was  replaced  by  a  flow  of  200  1  of  carbon  monoxide  per 
at  2  atm  pressure;  the  temperature  was  increased  to  270°G  in  a  l  P  i 
maintained  at  270‘C  for  an  additional  5  hr.  C  tem^tumln  “s 

•’c'cHaUs'  It' U'  ?TS  ,'388-447-  *’593-672. 

Final  Kept.  l.ili  W948):  B,0S- 
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lowered  to  about  200°  C,  and  the  carbon  monoxide  replaced  by  water  gas 
(1.28H2:1C0)  at  10  atm.  With  a  flow  of  about  7.5  1  (at  atmospheric 
temperature  and  pressure)  of  water  gas  per  10  g  of  iron  per  hr,  an  ap¬ 
preciable  conversion  was  obtained  at  200°  C.  Upon  increasing  the  tem¬ 
perature  to  219°C  during  15  hr,  the  conversion  of  carbon  monoxide  rose 
to  87  per  cent.  After  20  hr,  when  a  temperature  of  225°C  was  reached, 
the  temperature  could  be  lowered  to  212°C  without  decreasing  the  con¬ 
version  below  88  per  cent.  Operation  in  one  stage  was  conducted  for 
140  hr  at  the  temperatures  and  CO  conversions  shown  in  Table  50. 


Table  50.  Rheinpreussen  Single-Stage  Operation  in  Liquid  Phase  at  10  atm 

of  1.28Ho  +  ICO  Feed  Gas 


Temperature,  °C 

194 

232 

231 

219 

220 

222 

221 

222 

Operating  time, 
hr 

Gas  flow,  normal 

3 

15 

20 

40 

60 

80 

100 

140 

liters  per  10  g 
Fe  per  hr 

5.0 

7.1 

8.0 

7.0 

6.7 

7.2 

7.0 

8.4 

CO  conversion, 
per  cent 

88 

94 

92 

87 

88 

89 

89 

After  two  reactors  had  been  operated  as  a  single  stage  for  140  hr,  they 
were  connected  in  series  and  a  two-stage  operation  conducted  lor  an  ad¬ 
ditional  70  hr.  The  end  gas  from  the  first  stage  was  cooled  to  15° C  at 
10  atm  before  passage  to  the  second  stage.  Data  for  the  two-stage  opera¬ 
tion  are  given  in  Table  51.  At  89  per  cent  CO  conversion  in  the  single- 


Table  51. 


Rheinpreussen  Two-Stage  Operation  in  Liquid  Phase  at  10  atm  of 
1.28IL)  +  ICO  Feed  Gas 


Oper¬ 

ating 

Time, 

hr 

Temperature, 

°C 

Stage 

1 

Stage 

2 

8 

228 

225 

14 

228 

224 

31 

235 

232 

52 

239 

237 

63 

240 

236 

SVH  “ 

1st  +  2d 
Stages,  normal 
liters  per  liter 
of  reactor 
volume  per  hour 


36 

58 

34 

105 

101 


Gas  Feed 
1st  +  2d 
Stages,  normal 
liters  per  10  g 
iron  per  hour 


5.7 

8.0 

5.6 

20.5 

19.8 


CO  Conversion, 
per  cent 


Stage  1 


69 

49 
52 

50 

51 


Stages 
1  +  2 


96.2 

89 . 5 

95.5 
91.8 
93.0 


H2:CO, 
Use 
Ratio, 
1st  +  2d 
Stages 


0.72 

0.75 

0.79 

0.89 

0.88 


C5+, 
g  per 
cu  m 
feed 
gas 


147 

143 

145 

156 

157 


0  Apparently  the  reactor  was  about  one-half  filled  w  veloci  ^because  the  data  of  this  column 

as  if  the  amount  of  catalyst  in  the  reactor  rate  per  10  g  Fe  per  hr), 

would  otherwise  be  inconsistent  with  those  of  the  next  (ga. 


ill 
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stage  test  (Table  50)  the  H2:CO  use  ratio  was  0.63  and  the  specific  yield 
138  g  of  C5+  per  cu  m  of  water  gas.  In  the  first  few  hours  of  the  two- 
stage  operation  (Table  51)  at  96  per  cent  CO  conversion,  the  H2:CO 
use  ratio  was  0.72  and  the  specific  yield  of  C5+  was  147  g  per  cu  m. 
After  50  hr  the  space  velocity  was  increased  about  three-fold  and  the 
temperature  raised  to  maintain  92-93  per  cent  conversion.  The  H2:CO 
use  ratio  increased  to  0.88  and  the  specific  yield  to  157  g  per  cu  m  of 
water  gas.  The  space-time-yield  at  50-60  hr  was  about  14  kg  C5+  per 
cu  m  of  catalyst  per  hr.  Rheinpreussen  reports  that  virtually  no  meth¬ 
ane  was  produced  in  its  experiments.  The  Diesel  oil  used  as  vehicle  was 
found  to  partake  in  the  synthesis,  being  converted  to  wax.  Complete 
hydrogenation  of  olefins  in  the  Diesel  oil  before  its  use  as  vehicle  did  not 
decrease  its  rate  of  conversion  to  wax. 


During  the  period  1945-1948,  Kolbel  of  Rheinpreussen  continued  de¬ 
velopment  of  the  slurry  process,  and  in  September  1948  he  presented 
some  of  the  results  at  a  meeting  in  Hannover  of  the  Society  of  German 
Chemists  in  the  British  Zone.  Catalyst  preparation  was  only  briefly 
outlined,  with  no  specific  statements  concerning  the  important  factors. 
Hydrated  iron  oxides  were  obtained  by  mixing  sodium  carbonate  solu¬ 
tions  with  iron  nitrate  solutions.  Small  amounts  of  copper  and  alkali 
weie  included  in  the  catalyst.  The  dried  and  powdered  catalyst  was 
mixed  with  a  fraction  of  the  synthesis  oil  boiling  in  the  range  270°- 
330°C,  so  as  to  obtain  50-200  g  of  iron  per  1  of  slurry.  Pretreatment 
te>  reduction  whh  hydrogen  or  reduction  and  carbiding  with  synthesis 
gas  was  barely  mentioned  and  no  details  given  of  the  procedure  actually 
used.  From  the  data  in  captured  German  documents  on  Kolbel ’s  work 
during  1943-1944, 73  it  appears  likely  that  he  was  using  the  catalvst 

kieselguhr’  Preheated  at  about  300°C 
"'t'-h  ?  ^9  gaS  akout  2,000  hourly  space  velocity,  for  6  hr 

Kolbel  stated  in  his  1948  paper  that  the  flow  of  synthesis  gas  was  in 
the  range ,7-17  I  per  10  g  of  iron  in  the  slurry,  for  90-95  per  cent  e  rn  e 

he"!?  .hmh"1  "  S'ngl°  S‘age:  ™S  iS  2'4  times  the  normally  used  in 
.  Ruhrehemie  process  using  a  “dry"  ted  of  iron  catalyst  The  oner 

iotc  ^  - 

«  amat’  bUt  a"  Pil0t-plant  P-ut'ed  bTlSIte!™;:: 

fo,nt2Tte™neatsC48  t  T\  !  “  “*•  ->‘-ned 

thesis  gas  entered  a,  the  bottom  on"or  llT7  /T'  ,  ^ 
porous  plate.  The  off  srases  nmlvt  /  ,  distributed  by  a 

a  Partial  condenser  to  ,iqUefy  oil 
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densate  was  returned  to  the  reactor.  Further  cooling  of  the  off  gas  and 
product  vapors  was  followed  by  exposure  to  active  charcoal.  A  stream 
of  high-boiling  product  was  continuously  removed  from  the  reactor  so 
as  to  maintain  a  vehicle  of  constant  boiling  range. 

Kolbel  presented  the  data  contained  in  Table  52  to  illustrate  operating 

Table  52.  Slurry-Phase  Operation  with  Different  H2:CO  Ratios  in  the 


Synthesis  Gas 

CO- 

Water  Gas 

IP- 

Rich 

Gas 

a 

b 

Rich 

Gas 

H2:CO  ratio  in  fresh  gas 

0.64 

1.2 

1.2 

1 . 95 

Use  ratio,  H2:CO 

0.60 

0.89 

1.05 

1.43 

Temperature,  °C 

252 

238 

230 

226 

Number  of  stages 

1 

2 

1 

1 

End-gas  to  fresh-gas  recycle  ratio 

0 

0 

2.5 

1.5 

Hourly  space  velocity  a 

150 

105 

245 

240 

Per  cent  CO  conversion 

94 

93 

95.5 

95 

Yield,  g  per  cu  m  of  CO  +  ID 
a.  Above  Ci 

172 

157 

168 

163 

b.  Methane 

6 

0 

0 

0 

»  Probably  refers  to  total  feed  gas. 


conditions  with  synthesis  gas  of  different  H2‘.CO  ratios.  By  recycling 
1-3  volumes  of  end  gas  per  volume  of  fresh  synthesis  gas  it  is  possible  to 
bring  the  H2 :  CO  use  ratio  closer  to  the  H2 :  CO  ratio  in  the  fresh  teed  gas. 

In  Table  53,  Kolbel’s  data  for  a  143-day  operation  in  the  slurry  phase 
are  presented.  The  stated  operating  conditions  were:  pressure,  10  atm; 


Table  53.  143-Day  Operation  of  Slurry-Phase  Pilot  Plant 


Time, 

days 

Synthesis 
Tempera¬ 
ture,  °C 

Liters  of 
Synthesis 
Gas  per 

10  g  Fe 
per  hr 

CO 
Con¬ 
version, 
per  cent 

Product  Distribution 

Fraction 

g  per 
cu  m  of 
CO  +  H2 
Reacted 

Weight 

Per 

Cent 

Olefins, 

Per 

Cent 

1 

110 

120 

130 

143 

271 

251 

253 

254 

251 

10 

10 

11 

15 

17 

95 

90 

93 

95 

90 

Ci 

C3  +  C4 
35°-200°C 
200°-320°C 
Above  320 °C 

6 

33 

91 

35 

9 

3.4 

18.8 

52.0 

20.0 

5.2 

56 

45 

28 

Liqn i (I- Ph use  Suspen slon s 
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H2:CO  ratio  in  synthesis  gas,  0.04 ;  single  stage,  no  recycle  of  end  gas; 
gas  flow,  15  cu  m  per  hr;  iron  content  of  slurry,  10  kg  per  100  1;  slurry 
bed  height,  GOO  cm.  After  the  first  day  of  operation,  catalyst  activity 
was  constant  during  almost  5  months.  No  catalyst  regeneration  was 
necessary  during  this  period.  The  product  contained  surprisingly  little 
wax,  about  6  per  cent.  The  total  yield  of  oil  plus  gaseous  hydrocarbons 
was  175  g  per  cu  m  of  H2  +  CO  reacted.  The  yield  of  C2  is  not  stated, 
but  appears  to  be  4  g  per  cu  m  of  H2  +  CO  reacted  or  2.2  per  cent  of  the 
total  product.  No  data  are  given  on  the  oxygen  content  of  the  oil  or  on 
the  amount  of  water-soluble  oxygen  compounds. 

Ruhrchemie  87-90  started  tests  on  iron  catalyst  in  liquid-phase  sus¬ 
pension  in  1940.  Most  of  the  experiments  were  done  using  tubes  10-15 
cm  in  diameter  and  6  m  in  height,  containing  a  suspension  of  powdered 
100Fe:5Cu:  lOCaO:  100  kieselguhr  in  Diesel  oil.  In  the  early  tests  the 
synthesis  gas  was  passed  through  a  porous  ceramic  plate  to  obtain  good 
distribution,  and  uniformity  of  catalyst  suspension  in  oil  was  accom¬ 
plished  by  pumping  the  slurry  through  a  side  tube  from  the  top  to  the 
bottom  of  the  reactor.  In  later  tests  the  porous  gas  distributor  was  re¬ 
placed  by  a  small-bore  tube,  and  uniform  suspension  of  catalyst  was 
achieved  by  substituting  end-gas  recycle  for  slurry  recycle. 

The  per  cent  of  conversion  of  carbon  monoxide  at  different  flow  rates 
ol  13Ho  +  ICO  gas  and  at  various  concentrations  of  catalyst  in  the 
slurry  is  shown  in  Table  54.  A  recycle  ratio  of  3  volumes  of  end  gas  per 
volume  of  fresh  gas  was  used  in  all  the  tests.  The  volume  of  catalyst 
(first  column  of  4  able  54)  is  the  volume  of  the  dry  granules  (before  grind- 


nr,0-mo  ^  E  bl*GLE’STAGE  Liquid-Phase  Tests  Using  100Fe:5Cir 

lOCaO.100  Kieselguhr  at  250°C,  15  atm,  1.3H2  +  ICO  as  Fresh  Feed  Gas 

Recycle  of  3  \  olumes  of  End  Gas  per  Volume  of  Fresh  Gas 


t  resh  Gas  Rate,  per  hour 


Volume  of 

Grams  of 

Liters  per 

Catalyst, 

Catalyst  per 

Liter  of 

liters 

■Liter  of  Oil 

Slurry 

10 

200 

18 

10 

200 

27 

10 

200 

36 

20 

445 

36 

20 

445 

51 

20 

445 

72 

30 

750 

51 

F.I.A.T.  Reel  No.  Iv-31,  Frames  1,108-15 


Liters  per 
10  g  of 
Iron 
1.8 
2.7 

3 . 6 

1.6 

2.3 
3.2 

1.4 


Per  Cent 
Conversion 
of  CO 
73-75 
62-64 
48-52 

73-75 

62-64 

48-53 

70-75 


//  / 
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mg)  which  are  mixed  with  enough  oil  to  fill  the  reactor  (volume  55  1). 
For  10  and  20  1  of  catalysts,  about  50  and  45,  respectively,  of  oil  were 
necessary.  For  an  assumed  bulk  density  of  the  catalyst  granules  of  about 
1 ,  the  concentrations  in  the  second  column  were  calculated  from  the  data 
in  the  Ruhrchemie  report.  The  catalyst  probably  was  reduced  with 
hydrogen  before  grinding  and  mixing  with  the  oil,  although  no  mention 
is  made  of  reduction  in  the  Ruhrchemie  report  of  these  tests.  The  fresh- 
gas  space  velocity  (third  column  of  Table  54)  for  about  70  per  cent  CO 
conversion  is  very  low  compared  with  that  of  the  granular-bed  oil- 
circulation  process  (p  407  of  this  chapter).  The  low  space-time-yield 
of  the  Ruhrchemie  catalyst  is  partly  due  to  the  appreciably  lower  pres¬ 
sure  of  15  atm,  as  compared  with  20-25  atm  in  the  oil-circulation  proc¬ 
ess,  and  to  the  lower  activity  of  the  catalyst. 

Table  55  contains  the  results  of  a  two-stage  liquid-phase  operation  by 
Ruhrchemie.  Although  the  amount  of  catalyst  per  liter  of  slurry  is  not 
specified,  it  may  be  inferred,  by  comparison  of  the  CO  conversions  and 
space  velocities  of  Tables  54  and  55,  that  both  stages  contained  about 


445  g  of  catalyst  per  1  of  oil. 

The  off  gas  from  the  reactor  in  each  stage  was  cooled  to  room  tem¬ 
perature,  thus  condensing  all  Diesel  oil,  wax,  and  a  fraction  of  the 
gasoline  and  water.  From  the  condenser  the  off  gases  passed  to  the 
active  charcoal  scrubbers.  The  oil  condensed  by  cooling  was  separated 
from  the  water  and  returned  to  the  reactor.  A  constant  oil  level  was 
maintained  in  the  reactor  by  withdrawing  oil  periodically  through  a 
filter  stick  immersed  in  the  oil-catalyst  slurry.  After  2-3  weeks  of  opera¬ 
tion,  the  composition  of  the  vehicle  reached  a  steady  state  characteristic 
of  the  operation.  Ruhrchemie’s  longest  time  of  operation  in  liquid  phase 
was  1\  weeks.  Actual  product  recovery  was  incomplete.  The  yield  of 
Cs+  calculated  from  gas  analysis  was  about  170  g  per  cu  m  of  H2  +  CO 
reacted  and  about  155  g  per  cu  m  of  inert-free  fresh  gas.  Methane  pro¬ 
duction  increased  from  about  2  per  cent  of  the  CO  reacted  at  the  start 
to  about  6  per  cent  at  the  end  of  the  7±-week  period  of  operation.  Ad¬ 
dition  of  750  g  of  soda  dissolved  in  Diesel  oil  to  the  slurry  increased  the 
wax  production  and  decreased  the  H2:CO  use  ratio.  Addition  o  5  1  of 
Cio-Cis  fatty  acids  increased  the  H2:CO  use  ratio  to  1.8,  u  1S  ( 
creased  after  a  short  time  to  about  1.1.  Methane  production  increased 

to  about  9  per  cent  after  the  addition  of  the  acid. 

At  LG.  Farben.  pilot-plant  tests  -  on  the  liquid-phase  process  were 
started  in  1940.  A  250-1  converter  20  cm  in  diameter  and  380  cm 
height  was  used.  A  motor-driven  (900  rpm)  stirrer  was  placed  m  the 
lower  section  of  the  reactor.  About  one-half  of  the  reactor  volume  con- 
tained  oil-catalyst  slurry.  The  stirring  resulted  in  a  parabolic  l.qi 


Table  55.  Ruhrchemie  Two-Stage  Liquid-Phase  Operation  with  100Fe:5Cu:  lOCaO:  100  Kieselguhr  Catalyst  in  55-1  Reactors 

Using  1.3H2  +  ICO  Fresh  Feed  Gas 


Liquid-Phase  Suspensions 
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surface,  the  liquid  level  in  the  center  being  only  a  little  above  the 
stirrer,  while  the  level  at  the  walls  was  just  below  the  top  of  the  reactor. 
Feed  gas  (100  cu  m  per  hr  of  1H2  +  ICO)  was  conducted  into  the  axial 
gas  space  and  was  very  efficiently  distributed  as  small  bubbles  in  the 
slurry  by  the  mechanical  agitation.  Besides  experiencing  difficulties 
with  the  packing  on  the  stirrer  shaft,  sedimentation  of  the  catalyst  on 
different  parts,  especially  on  the  converter  wall  just  above  the  slurry 
level,  resulted  in  hot  spots,  catalyst  deterioration,  and  excessive  methane 
production. 

Most  of  I.G.  Farben.’s  laboratory  and  pilot-plant  development 
work78,91  on  the  liquid-phase  process  was  done  using  porous  ceramic 
plates  located  at  the  bottom  of  cylindrical  reactors  for  gas  distribution. 


These  plates  were  made  by  sintering  powdered  quartz,  with  glass  as  a 
binder,  to  form  a  hollow  cone  with  walls  4-5  mm  thick.  The  diameter 
of  the  pores  was  0.1-0.15  mm.  A  thin  foil  of  asbestos  served  as  gasket, 
and  a  heavy  iron  grid  above  the  porous  plate  retained  it  in  position. 

Laboratory-size  reactors  were  300  cm  high  with  slurry  volumes  of  3, 
10,  and  25  1.  They  were  double  tubes  with  “gas-lift”  recirculation  of 
the  slurry  through  the  central  tube.  4  he  gas  bubbles  from  the  porous 
ceramic  plate  rose  through  the  annular  part  of  the  reactor,  which  resulted 
in  a  lower  slurry  density  in  the  annulus  than  in  the  central  tube.  Semi- 
technical-scale  reactors  contained  300  1  of  slurry  and  were  equipped 
with  a  slurry-recycle  pump.  A  typical  flow  diagram  is  presented  in 
Figure  19.  Also,  a  larger  semi-technical-scale  reactor  containing  1.5  cu 
m  of  slurry  was  tested.  It  was  50  cm  in  diameter  and  8  m  high,  and  the 
gas  separator  had  a  volume  of  000  1.  The  cross-sectional  area  of  the 

slurry-recycle  line  was  about  5  cm. 

The  catalyst  was  prepared  by  first  burning  iron  carbonyl  to  form  iron 
oxide  This  was  then  mixed  with  a  dilute  potassium  borate  solution  in 
water  so  as  to  provide  about  1  part  of  K20  per  100  parts  of  worn  The 
resulting  paste  was  dried,  crushed  to  a  convenient-size  granule,  and  com¬ 
pletely  reduced  with  dry  hydrogen.  After  cooling  in  hydrogen  and  dis¬ 
placing  the  hydrogen  with  carbon  dioxide,  the  granules  were  submeige 
in  middle  oil  and  finally  ground  in  a  ball  mill  as  finely  as  Posflbl®f“ 
tide  size  of  about  2  microns  is  reported).  The  reactoi  was  thaige 
a  slurry  containing  150-300  g  of  reduced  catalyst  per  1  The  vehicle  w  as 

that  from  a  previous  operation,  or,  when  starting  tie  leac 

that  liom  a  pie  in  the  feed  gas  was 

first  time,  paraffin  wax  was  usea.  me  .  2  „,or 

0.8.  Operating  temperatures  were  in  the  range  - 

i  •  tvt  ,Qi  400  4*?s  of  documents  from  Dr.  Piers  files,  by  ^  ^  ■ 

*  a  Bureau  of  Mines,  Louisiana,  Mo, 

T.O.M.  Reel  274,  Frames  1,437-98. 
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After  2  months  of  operation  of  the  1.5-cu-m  reactor  a  marked  decrease 
in  catalyst  activity  and  irregularities  in  temperature  gradients  in  the 
reactor  were  observed.  Upon  opening  the  reactor,  a  ring-shaped, 
crumbly  cake  of  virtually  dry  catalyst  was  found  on  the  upper  section 
of  the  reactor  wall.  The  thickness  of  this  layer  was  greatest  on  the  wall 
of  the  top  section,  and  it  gradually  decreased  until,  close  to  the  porous 


Gos  seporolion 


fiGURE4  19.  Flow  sheet  of  liquid  phase  with  recycle.  Reproduced  from  reference 

78. 


ceramic  plate  m  the  bottom  section  of  the  vessel,  no  deposit  was  ob¬ 
served  Similar  deposits  were  observed  in  the  gas  separation  vessel 
.These  deposits  consisted  mainly  of  FeO  and  Fe2C03,  which  are  stable 
in  gases  containing  appreciable  proportions  of  C02  and  H>0,  such  as  the 
o  gas  from  a  70  per  cent  conversion  in  a  single  pass  through  the  re¬ 
actor  A  scraper  rotating  slowly  around  the  wall  was  then  installed  to 
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formers”  that  might  have  assisted  in  forming  the  scale;  third,  to  pass  a 
small  portion  of  the  slurry  recycle  over  a  solid  absorbent  to  remove 
resinous  compounds  of  high  molecular  weight. 

In  1942-1943,  Dr.  W.  Michael  of  the  I.G.  Farben.  presented  the  fol¬ 
lowing  data  78-91  for  operation  of  the  1.5-cu-m  reactor: 

Synthesis  gas:  H2:CO  ratio  0.8-0.75;  inerts  did  not  exceed  1-2  per 
cent,  sulfur  was  less  than  2  mg  per  cu  m. 

Catalyst  :  was  made  from  iron  carbonyl  as  described  above. 

Reaction  temperature:  250°-275°C;  reaction  pressure:  20  atm. 

Recycle  of  end  gas:  was  employed  but  no  specific  statement  was  given 
of  the  recycle  ratio  of  end  gas  to  fresh  feed  gas. 

Space  velocity:  of  fresh  feed  gas  was  about  80  volumes  per  volume  of 
slurry  per  hour  at  250° C  and  125  at  275°  C. 

Number  of  stages:  only  one  stage  was  operated.  For  a  full-scale  plant 
three  stages  are  recommended  by  Michael  with  condensation  of  oil  and 
removal  of  carbon  dioxide  from  the  off  gases  from  each  stage. 

Space-time-yield:  was  10  kg  of  gasol  (C3  +  C4)  plus  oil  per  cu  m  of 
slurry  per  hr  for  single  pass  in  the  1.5-cu-m  reactor  at  250  C  and  at  a 
space  velocity  per  hr  of  80.  At  275°C  and  a  space  velocity  per  hr  of  125 
the  space-time-yield  was  15  kg  of  gasol  plus  oil  per  cu  m  ot  slurry 
per  hr. 

Conversion:  was  about  70  per  cent  of  the  entering  CO  in  single-stage 
1.5-cu-m  reactor. 

Specific  yield:  of  reaction  products,  in  grams  per  cubic  meter  of  H2  + 
CO  reacted,  was  as  follows: 


C3  +  C4 

Oil,  Boiling  Range,  °C 

Water- 

Soluble 

co2 

h2o 

ch4  +  c2h6 

To  200 

200-350 

Above  350 

Organic 

Material 

47.5 

44 

10 

18 

77 

47 

31 

9 

These  figures  show  173  g  of  gasol  plus  oil  per  cu  m  of  H2  +  CO  reacted 
Assuming  95  per  cent  conversion  in  multistage  operation,  ie  spoil  i 
y-e  of  gasol  plus  oil  would  be  164  g  per  cu  m  of  fresh  leed  gas,  and  lie 
space-time-yield  at  80  space  velocity  would  be  13  kg  per  cu  m  oi  slurry 

per  hr. 
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Typical  gas  analyses  of  fresh  feed  and  end  gas  (from  single-stage  opera¬ 
tion,  volume  per  cent) : 


C02 

CnHm 

h2 

CO 

C„H2n+2 

n  in 

C„H2n+2 

n2 

Fresh  feed  gas 

0.8 

0.0 

40.8 

53 

2.0 

1.8 

2.8 

End  gas 

30.4 

3.0 

28.4 

27.8 

4.0 

1.5 

6.4 

These  data  show  a  contraction  of  56.3  per  cent,  and  a  H2 :  CO  usage  ratio 
of  0.69.  This  ratio  indicates  that  there  was  little,  if  any,  recirculation  of 
end  gas. 

Analysis  of  oil  product :  is  shown  in  Table  56.  Olefins  were  determined 
by  hydrogenation. 


Table  56.  Analysis  of  Oil  Product  of  I.G.  Farben.  Slurry;  Operation  at 

250 °C,  20  atm  of  0.8H2:1CO 

(All  per  cents  are  by  weight.) 


Boiling 

Per 

Range, 

Cent  o 

°C,  of 

Total 

Fraction 

Oil 

To  50 

4 

50-100 

20 

100-150 

16 

150-200 

10 

200-250 

12 

250-300 

10 

300-350  . 

8 

Above  350 

20 

Per  Cent  of  Fraction 


Alcohols 

Olefins 

Paraffins 

Esters  and 
Acids 

0 

85 

12 

3 

5 

83 

7 

5 

15 

67 

11 

7 

12 

62 

20 

6 

12 

63 

17 

8 

10 

54 

25 

11 

5 

45 

38 

12 

CtTXVm  *  •T.bt  rlueed  by  the 

operation  at  lower  temperatures  (240°-260°Ch  Tl^mle'wc! 
pomt  gasoline  had  a  motor  octane  rating  of  «0,  and  the  .efinTgas'olme' 
92  T.O.M.  Reel  166,  Frames  795-7. 
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had  a  motor  octane  rating  of  G8.  The  Diesel  oil  boiling  in  the  range 
200°-300°C  had  a  cetene  number  of  GO,  and  a  pour  point  of  minus 
10°C. 

Further  development  of  the  slurry  process  was  undertaken  in  1946  by 
the  Bureau  of  Mines,  U.  S.  Department  of  Interior.  Some  physical 


measurements  were  made  in  laboratory  equipment  to  determine  the  gas 
velocities  necessary  to  keep  different  concentrations  of  catalyst  in  the 
slurry  in  uniform  suspension.  A  small  pilot  plant  was  then  bu.lt  and 
operated  Its  design  is  shown  in  Figure  20.  A  slurry  depth  of  10  ft  was 

maintained  through  a  cross-over  valve  at  eithei  the  5  .  .  ,  ,, 

a  i  5  in  recycle  leg.  Slurry  re-entered  the  reactor  at  a  point  below  the 
tin  section  and  above  the  gas-inlet  port.  Preliminary  tests  showed  no 
advantage  in  the  use  of  porous  plates  for  gas  distribute;  and, 
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fore,  the  gas  inlet  was  a  |-in.  pipe  connected  to  a  conical  reducer  attached 
to  the  3-in.  reactor. 

The  liquid  level  in  the  reactor  was  observed  in  a  gauge  glass  at  the 
10-ft  level  and  controlled  by  withdrawing  oil  through  one  or  both  of  the 
filters  in  the  recycle  leg.  Above  the  3-in.  section  the  reactor  was  widened 
to  6  in.  to  provide  additional  volume  in  case  of  liquid  surges  and  to  re¬ 
duce  the  linear  velocity  so  as  to  effect  adequate  separation  of  gas  from 
the  slurry.  A  cooling  coil  was  placed  in  the  top  of  the  6-in.  section  to 
provide  reflux  to  the  top  of  the  reactor. 

Runs  of  500-1,250  hr  have  been  made  to  study  the  important  process 
variables.  No  durability  tests  have  yet  been  done.  A  precipitated 
100Fe:5Cu:0.5K2O  catalyst  was  dried,  suspended  in  a  Fischer-Tropsch 
Diesel  oil  fraction  boiling  from  300°  to  350°C,  and  ground  in  a  ball  mill. 
An  initial  slurry  concentration  of  36.6  weight  per  cent  of  catalyst  was 
obtained;  this  was  equivalent  to  an  iron  concentration  of  21.5  weight  per 
cent.  The  catalyst  was  inducted  by  passage  stream  of  1H2  +  ICO  gas 
through  the  slurry  while  gradually  increasing  the  temperature  and  pres¬ 
sure.  The  operating  temperature  was  in  the  range  240°-275°C  and  the 
pressure  was  250  psi  of  1H2  +  ICO  gas.  Typical  results  of  single  pass 
operations  with  no  end-gas  recycle  and  with  about  70  per  cent  CO  con¬ 
version  per  pass  are  as  follows: 

Specific  yield:  100-125  g  of  gasol  plus  oil  per  cu  m  of  feed  gas,  con¬ 
taining  less  than  0.5  per  cent  of  inerts. 

Product  distribution :  in  per  cent  of  CO  reacted : 


C02 

45 


Ci  +  c2 


C3  -(-  C4 


Water-Soluble 
C5+  Material 


6 


7 


37 
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the  past  few  years.93"112  Most  of  the  pilot-plant  development  work  on  the 
fluidized-iron-catalyst  process  has  been  done  in  reactors  2-8  in.  in  di¬ 
ameter  and  10-24  ft  high.  Temperature  is  controlled  by  internal  heat 
exchangers  (cooling  bayonets)  hung  in  the  top  section  of  the  reactor,  or 
by  a  cooling  jacket  surrounding  the  reactor.  In  an  8-in.  jacketed  re¬ 
actor  the  vertical  temperature  gradient  in  the  catalyst  bed  is  about 
25° F.  The  operating  temperature  and  pressure  ranges  are  585°-G50°F 
and  400-650  psi,  respectively.  Cheap  natural  gas  is  the  proposed  raw 
material  for  the  process,  and  therefore  most  of  the  experimental  and 
pilot-plant  development  work  was  done  with  1.8-2H2  +  ICO  gas  which 
can  be  obtained  directly  by  reaction  of  natural  gas  with  steam  and 
oxygen.  Recycling  of  about  2  volumes  of  end  gas  per  volume  of  fresh 
gas  was  practised  in  all  the  experimental  work.  In  the  early  stages  of 
this  work  commercially  available  synthetic-ammonia  catalyst  containing 
about  97  per  cent  Fe304,  2.5  per  cent  A1203,  0.5  per  cent  K20  was  used. 
More  recently  cheaper,  although  equally  active,  catalysts  prepared  by 
addition  of  0.5  per  cent  K20  to  naturally  occurring  magnetite  or  to  steel 


mill  scale  have  been  used.  The  catalyst  is  ground  to  particles  2  100 
microns  in  diameter  and  completely  reduced  in  a  fluidized  bed  with  dn 
hydrogen  at  350°-460°C.  After  reduction,  the  temperature  is  lowered 
to  about  290°-300°C,  increasing  amounts  of  synthesis  gas  are  gradually 
introduced,  and  the  pressure  is  slowly  increased  over  a  period  of  several 
days.  After  this  preliminary  treatment  operation  proceeds  at  a  lineal 
gas  velocity  of  about  0.7  ft  per  sec.  The  operation  usually  is  of  the 
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“fixed”  fluidized-bed  type,  ie,  with  very  little  “carry  over”  of  catalyst 
in  the  off  gas.  Conversion  usually  is  of  the  order  of  90  per  cent  ,  specific 
yield  is  about  150  g  of  C3  +  per  cu  m  of  fresh  gas,  and  space-time-yield 


is  about  180  kg  per  cu  m  of  fluidized  catalyst  volume  per  hr.  This  space- 
time-yield  is  10-20  times  that  of  the  Ruhrchemie  process  and  results  in  a 
great  simplification  and  reduction  in  costs  of  reactor  fabrication  and  in¬ 
stallation.  All  the  heat  of  reaction  is  converted  to  steam  at  300-400  psi 
in  the  internal  heat  exchanger.  The  product  is  chiefly  a  good  motor 
gasoline;  an  important  secondary  product  is  water-soluble  organic  ma¬ 
terial  (chiefly  ethanol  and  acetic  acid,  with  smaller  amounts  of  acetone, 
acetaldehyde,  and  higher  alcohols).  This  process  is  estimated  to  produce 
motor  gasoline  at  a  somewhat  lower  cost  than  that  of  gasoline  produced 
by  existing  petroleum  conversion  and  refining  procedures. 

Severe  operating  difficulties  were  encountered  in  the  pilot-plant  de¬ 
velopment  because  of  carbon  formation.  Main  104  of  the  Standard  Oil 
Development  Company  states: 


It  is  known  that  particles  of  highly  active  and  selective  hydrocarbon-synthesis 
iron  catalysts  break  down  very  rapidly  under  synthesis  conditions  to  very  much 
smaller  particle  diameter.  The  mass  of  iron  powder  which  once  possessed  good 
fluidization  properties  becomes  difficultly  fluidizable  and  the  hydrocarbon-syn¬ 
thesis  operation  must  be  discontinued.  The  breakdown  of  iron  particles  is 
probably  caused  by  reaction  of  iron  with  carbon  monoxide  feed.  The  fluffy 
nature  of  this  mass  makes  fluidization  difficult  if  not  impossible. 


Main  proposes  to  extend  the  useful  life  of  a  fluidized  iron  catalyst  by 
the  addition  of  sufficient  inert  solids  such  as  sand,  dolomite,  alumina, 
or  silica  gel  of  such  particle  size  as  to  maintain  constant  the  essential 
fluidization  characteristics  of  the  catalyst  bed.  This  procedure  presents 
ie  severe  difficulty  of  avoiding  classification  in  the  fluidized  bed,  and 
at  best  is  a  palliative  and  not  a  solution  of  the  basic  problem  of  carbon 
format, 0„  Ogorzaly  ■«  and  Scharmann  »  propose  that  the  catalyst 

trith  hvH  ™  eaeaCt0r  t0  a  “striPPins”  vessel  where  treatment 
v.th  hydrogen  or  synthesis  gas  at  lower  pressures  and  higher  temper¬ 
atures  would  remove  high-boiling  organic  material  from  the  catalyst 

velonmen‘tnroaSe  “*  T™  !*'  Scharmann  101  of  the  Standard  Oil  De- 
velopment  Company  describes  the  difficulties  encountered  in  the  fluid- 

ized  iron  process  as  follows:  “More  narticulnrlv  4  , 

nneihe  i  t-  ,  e  particularly,  carbon  or  coke  de- 

“d^ 

version  in  a  single  pass  is  ol.t.,m  i  ’  “  '  -S0  Per  cent  con- 

ngie  pass  is  obtained  even  at  very  high  space  velocities, 
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only  a  small  fraction  of  the  catalyst  bed  accomplishes  most  of  the  syn¬ 
thesis,  and  consequently  at  normal  space  velocities  the  catalyst  grains 
first  encountered  by  the  synthesis  gas  are  overheated.  The  implication 
of  his  argument  is  that  despite  overall  efficient  heat  transfer  the  “skin 
temperature”  of  the  catalyst  grains  is  much  higher  than  the  average 
reactor  temperature,  and  that  this  condition  is  largely  responsible  for 
rapid  carbon  deposition.  He  proposes  a  two-  or  three-stage  fluidized 
iron  process  in  which  only  20-50  per  cent  of  the  total  conversion  will  be 
achieved  in  the  first  stages,  using  a  low  catalyst  bed  density  of  2-15  lb 
per  cu  ft.  The  remaining  H2  +  CO  is  to  be  converted  in  the  last  stage, 
using  a  denser  catalyst  bed  of  25-100  lb  per  cu  ft. 

To  illustrate  the  advantages  of  his  proposed  process  Scharmann  107 
states : 


At  the  conditions  set  forth  in  the  preceding  description  of  my  invention,  the 
hydrocarbon  synthesis  on  catalysts  of  high  activity  and  selectivity  to  liquid 
products  but  normally  strong  carbonization  tendency  such  as,  for  example,  an 
iron  catalyst  obtained  by  a  suitable  reduction  of  a  composite  containing  about 
95.4  parts  by  weight  of  Fe203)  2.6  parts  by  weight  of  A1203,  and  2.0  parts  by 
weight  of  K20  *  and  1.4  parts  by  weight  of  Si02,f  may  be  operated  in  a  fully  con¬ 
tinuous  manner  at  constant  operating  conditions  for  several  hundred  hours  with 
high  liquid  yields  approaching  or  exceeding  200  cc  of  C4+  hydrocarbons  per  cu 
m  of  CO  +  H2  converted,  without  appreciable  catalyst  carbonization  and  dis¬ 
integration  which  would  result  in  catalyst  bed  expansion,  catalyst  losses,  and 
difficulties  in  process  control.  On  the  other  hand,  when  using  the  same  catalyst 
in  conventional  fluid  dense  phase  operation  at  otherwise  comparable  reaction 
conditions  to  obtain  similar  yields,  changes  observed  after  100  hr  of  operation  in¬ 
clude  the  following:  The  carbon  content  has  risen  from  close  to  zero  to  over  40 
per  cent  by  weight  of  iron,  which  is  equivalent  to  about  0.8  to  1.0  per  cent  ot  the 
CO  reacted.  The  proportion  of  catalyst  fines  of  0  to  20  microns  size  has  in¬ 
creased  by  about  350  per  cent  resulting  in  an  increase  of  catalyst  bed  volume  by 
about  250  per  cent  and  a  decrease  of  catalyst  bed  density  from  about  55  lb  per 
cu  ft  to  about  14  lb  per  cu  ft.  These  changes  necessitate  a  rapid  catalyst  replace¬ 
ment  and  a  current  readjustment  of  operating  conditions. 

That  Scharmann’s  analysis  107  of  the  temperature  gradients  from  the 
surface  of  the  catalyst  grains  to  the  gas  phase  probably  is  correct  is  in¬ 
dicated  by  the  disclosures  of  Hemmmger.™  Ihe  latter  states  that  t  e 
amount  of  carbon  deposition  per  unit  of  oil  synthesized  decreases  rapid  y 
with  increasing  space  velocity  of  the  reaction  gas.  He  proposes  to  use 
very  high  linear  velocities,  and  to  carry  over  and  recirculate  o00-2  TOO 
lb  of  catalyst  per  1,000  cu  ft  of  feed  gas.  To  decrease  carbon  formation 

*  The  alkali  content  of  this  catalyst  is  too  high  and  probably  was  partially  re- 

8pot' °f  “,a,yst  - given  adds  up 
to  101.4  per  cent. 
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further,  he  suggests  operation  with  a  relatively  low  temperature  of  550°  F 
in  the  bottom  of  the  reactor  and  700°-750°C  at  the  top. 

Roberts  105  also  proposes  what  is  essentially  a  two-stage  operation  for 
the  fluidized  iron  process,  plus  the  added  disclosure  that  to  minimize 
carbon  deposition  it  is  necessary  to  operate  with  a  relatively  high  partial 
pressure  of  hydrogen  in  the  total  feed  gas  (fresh  gas  plus  recycle  end 
gas).  He  states: 

With  iron  catalyst  .  .  .  there  is  a  serious  tendency  towards  catalyst  de¬ 
fluidization  after  a  very  short  time  on  stream.  It  has  been  found  that  by  diluting 
the  synthesis  gas  charge  with  a  gas  rich  in  carbon  dioxide  and/or  hydrogen  so 
that  the  H2 :  CO :  C02  ratio  is  approximately  3 : 1 : 2  or  within  the  range  2-6 : 1 : 1-3 
and  the  carbon  monoxide  content  is  kept  below  about  15  per  cent  and  preferably 
of  the  order  of  about  10  to  12  per  cent  by  volume,  the  tendency  toward  de¬ 
fluidization  is  minimized  and  the  reaction  is  directed  toward  the  production  of 
desired  products.  However,  a  freshly  prepared  or  freshly  reactivated  iron 
catalyst  which  is  highly  active  cannot  be  placed  on  stream  with  the  optimum 
gas  charge  under  the  desired  conversion  conditions  because  the  catalyst  will 
tend  to  “wax  up”  (become  coated  with  carbonaceous  matter),  agglomerate 
and/or  defluidize.  It  has  heretofore  been  necessary  to  employ  a  long  start-up 
procedure  for  conditioning  the  catalyst,  using  a  gas  charge  initially  almost  free 
of  carbon  monoxide  and  gradually  increasing  the  carbon  monoxide  content  while 
temperatures  and  pressures  are  likewise  increased  and  brought  up  to  conversion 
conditions.  This  procedure  of  conditioning  a  fresh  active  catalyst  has  been 
highly  disadvantageous  in  that  it  has  required  days  and  weeks  of  time  during 
which  the  system  does  not  function  at  designed  capacity. 


In  accordance  with  my  invention  I  employ  at  least  two  separate  reactors  and 
I  condition  freshly  prepared  or  activated  catalyst  in  one  of  these  reactors  with 
residual  gas  from  the  product  recovery  system.  I  may  employ  the  off  gases 

a  diiue"? for «» «y»th«fa  m  ^ 
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conditioned  catalyst  is  ready  for  use  in  the  main  synthesis  step  so  that  the  process 
may  be  carried  out  continuously  with  a  substantially  constant  load  on  the  vari¬ 
ous  parts  of  the  system. 


Roberts  105  prefers  to  start  with  a  H2:CO  ratio  of  2  in  the  fresh  feed, 
and  cites  as  catalysts  the  following: 

1.  Fused  magnetite  (obtained  by  burning  pure  iron  in  a  stream  of 
oxygen)  promoted  with  small  amounts  of  one  or  more  of  substances 
such  as  silica,  alumina,  titania,  or  alkali  metal  oxide.  These  are  similar 
and  in  some  cases  identical  with  commercially  used  synthetic-ammonia 
catalysts. 

2.  Hematite  (Fe203)  mixed  with  about  2  per  cent  of  potassium  car¬ 
bonate,  and  the  mixture  sintered  at  1,832°F.  This  converts  the  Fe203 
to  Fe304.  Then  the  excess  potassium  is  extracted  with  water  so  that, 
only  about  0.5  per  cent  of  potassium  remains,  and  the  catalyst  is  dried 
and  reduced  with  hydrogen  for  several  hours  at  000°-l,200°F. 

Roberts  105  states: 


Either  after  or  before  reduction  the  particles  should  be  ground  to  desired 
particle  size  and  when  the  catalyst  is  reduced  after  grinding,  it  may  be  desirable 
to  subject  the  catalyst  to  a  sintering  step  in  a  hydrogen  atmosphere  at  a  tem¬ 
perature  of  1,100°  to  1,300°F.  It  appears  that  the  active  catalyst  is  a  mixture 
of  Fe  and  FeO  and  that  in  the  conditioning  step  a  portion  thereof  is  converted 

to  Fe2C. 

When  the  catalyst  is  used  in  a  fluidized  solids  system  its  particle  size  .  .  . 
should  preferably  be  in  the  range  2  to  100  microns.  For  optimum  results  the 
particles  should  be  of  indiscriminate  or  different  sizes  rather  than  uniformly  sized. 
The  bulk  density  of  the  compact  catalyst  particles  may  be  from  100  to  loO  lb 
per  cu  ft  but  when  fluidized  by  the  upward  passage  of  gases  at  the  rate  of  0.5  to 
3  ft  per  sec  preferably  1  to  2  ft  per  sec,  the  fluidized  density  is  below  90  lb  per 
cu  ft  and  may  range  from  25  to  75,  or  of  the  order  of  about  50  lb  per  cu  ft. 


It  may  be  inferred  from  Roberts’  105  disclosure  that  a  critical  partial 
pressure  of  hydrogen  exists  below  which  the  process  is  not  operable  with¬ 
out  continuous  changes  in  operating  controls.  Possibly  it  would  be  more 
satisfactory  to  state  this  critical  partial  pressure  in  pounds  per  square 
inch  in  the  off  gas  at  reaction  temperature.  For  Roberts’  ,0n  conditions 
this  would  be  of  the  order  of  100-150  lb  per  sq  in.  Further  detailed  ex¬ 
periments  and  pilot-plant  operation  seem  essential  to  determine  this 
limiting  partial  pressure  and  to  ascertain  the  advantages  an  c  isac 

Roberts  >”5  describes  a  full-scale  reactor  as  a  cylindrical  vessel  2 o  t  in 
diameter  and  about  45  ft  high,  containing  about  120  tons  of  iron  cata  ys  . 
At  a  catalyst  bed  density  of  50  lb  per  cu  ft,  120  tons  wou  d  occupy  a 
volume  of  4,800  cu  ft,  and  therefore  less  than  one-fourth  of  the  total  le- 


Gas-Ph use  Suspen sions 


427 


actor  volume  (21,000  cu  ft)  was  occupied  by  catalyst.  Internal  cooling 
bayonets  are  suggested  to  remove  heat  ol  reaction.  The  operating  tem¬ 
perature  and  pressure  ranges  specified  are  550°-700°P"  and  150-450  psi, 
respectively.  Composition  of  the  total  feed  gas  (fresh  gas  H2 '  CO  =  2 
plus  recycle  end  gas  with  H2:CO  ratio  about  10)  is  given  as  34  per  cent 
H2,  12  per  cent  CO,  24  per  cent  C02,  30  per  cent  CH4  plus  higher  hy¬ 
drocarbons.  The  volume  of  fresh  feed  gas  is  135  million  cu  ft  per  day 
and  of  total  feed  400  million  cu  ft  per  day.  The  volume  of  carbon 
monoxide  fed  per  hr  per  lb  of  iron  in  the  catalyst  charge  is  about  12  cu  ft; 
the  volume  of  total  feed  per  cu  ft  of  catalyst  per  hr  is  about  3,500  cu  ft; 
and  the  space  velocity  of  fresh  feed  based  on  the  catalyst  volume  is  about 
1,200  per  hr.  Assuming  that  Roberts  105  obtained  about  the  same 
yield  as  indicated  by  Scharmann,107  ie,  200  cc  of  C4  +  per  cu  m  of  gas 
converted,  a  specific  gravity  of  0.7,  and  93  per  cent  conversion,  calcula¬ 
tion  indicates  a  specific  yield  of  130  g  of  C4-f-  per  cu  m  of  fresh  feed  gas 
and  a  space-time-yield  of  156  kg  of  C4-(-  per  cu  m  of  fluidized  catalyst 
volume  per  hr.  Assuming  that  the  C3  +  yield  is  15  per  cent  of  the 


C4T ,  the  specific  yield  of  C3-|-  is  about  150  g  per  cu  m  of  fresh  feed  gas 
and  the  space-time-yield  is  about  180  kg  per  cu  m  of  fluidized  catalyst 
volume  per  hr. 

It  is  apparent  from  Roberts’  105  disclosure  that  he  is  providing  for  a 
laige  increase  (about  300  per  cent)  in  catalyst  bed  volume  during  the 
useful  life  of  the  catalyst.  If  relatively  cheap  catalysts  are  used  and 
their  useful  life  is  limited  to  about  500  hr,  after  which  they  could  be 
discarded,  it  probably  will  not  be  necessary  to  use  a  total  reactor  volume 
of  more  than  2  times  the  initial  volume  of  fluidized  catalyst.  This  would 
decrease  Roberts’  105  reactor  volume  to  about  10,000  cu  ft.  It  may  be 
assumed  as  a  first  approximation  that  about  2,500  cu  ft  of  this  space  is 
essential  for  cooling  bayonets  and  headers,  and  that  the  remaining  excess 
(above  the  4,800  cu  ft  occupied  initially  by  the  fluidized  catalyst)  of 
about  2,<  00  cu  ft  is  for  expansion  of  the  bed  and  for  disengagement  of 
catalyst  from  reactor  gas.  To  compare  the  space-time-yield  of  the 
finalized  iron  process  with  that  of  other  processes,  this  yield  should  be 
calculated  on  the  basis  of  4,800  +  2,700  =  7,500  cu  ft  of  catalyst  vol¬ 
ume  On  this  basis  the  space-time-yield  of  C3+  is  115  kg  per  cu  m  of 
catalyst  volume  per  hr.  Although  this  is  about  twice  the  space-time- 
yield  of  the  oil-circulation  process,  the  specific  yield  of  about  150  g  of 

Uvm  tPh7of7  T  ^  °f  the  fluklized  h’0n  is  lower 

o  vie  d  165  170  °thferrPl0CeSS-  The  oil-circulation  process  is  expected 
y  16o  170  g  of  C3+  per  cu  m  of  inert-free  fresh  gas.  When  coal 
is  the  raw  material,  the  cost  of  synthesis  gas  preparation  will  be  aboul 
pei  cent  of  the  total  cost  of  the  liquid  fuel  product,  and  an  increase 
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of  10-15  per  cent  in  specific  yield  will  be  a  difficult  handicap  for  the 
fluidized  process  to  overcome  despite  its  larger  space-time-yield. 

The  results  of  some  of  the  recent  pilot-plant  experiments  done  in  the 
Stanolind  Oil  and  Gas  Company  at  Tulsa,  Okla.,  are  given  in  a  patent 
by  S.  W.  Walker.112  The  catalyst  was  prepared  from  steel  mill  scale, 
which  wras  ground  to  give  the  follow  ing  screen  analysis  in  weight  per  cent : 


On  100  mesh  23 

100-140  mesh  32.8 

140-200  mesh  19.8 

200-325  mesh  19.8 

Through  325  mesh  4.6 


The  powdered  scale  wras  impregnated  with  0. 5-2.0  per  cent  of  K20, 
using  an  aqueous  solution  of  potassium  carbonate  or  nitrate.  The  alkali- 
impregnated  mill  scale  w*as  reduced  in  the  fluidized  state  at  700  —775  F 
with  hydrogen  at  50  psi  for  about  70  hr.  4  he  reduced  catalyst  contained 
95.5  per  cent  of  elemental  iron  and  97.1  per  cent  of  total  iron.  Experi¬ 
ments  were  conducted  in  water-jacketed  cylindrical  reactors  of  two 
sizes:  2  in.  by  20  ft  and  8  in.  by  30  ft.  The  catalyst  charge  to  the  2-in. 
reactor  was  15  lb  and  that  to  the  8-in.  reactor  was  214  lb.  Initial  density 
of  the  fluidized  bed  w'as  100  lb  per  cu  ft,  and  after  400  hr  ol  operation  the 
density  was  30  lb  per  cu  ft.  In  the  top  of  the  reactors  stone  filters  were 
inserted  to  separate  catalyst  dust  suspended  in  the  product  gases.  About 
5  per  cent  of  the  carbon  monoxide  in  the  feed  wras  reacted  on  the  pow  ¬ 
dered  catalysts  adhering  to  the  stone  filters.  Data  presented  112  on  the  ef¬ 
fect  of  catalyst  age  and  reaction  temperature  on  the  product  distribu¬ 
tion  are  reproduced  in  Table  57.  All  other  operating  variables  were  held 

constant  as  follows: 


Linear  velocity 
Pressure 

Recycle  ratio  of  end  gas 
to  fresh  gas 

H2:CO  ratio  in  fresh  gas 
Analysis  of  total  feed, 
volume  per  cent 


0.6-0.65  ft  per  sec 
250  psi 

1.7:1 

2.6:1 

30H2,  10CO,  17C02)  23N2i  20CH4 

and  higher  hydrocarbons 


The  large  variations  in  rate  of  catalyst  density  decline  of  Table  57  arc 
probably  not  as  significant 

chTnJng' ^reaction  temperature  in  the  range  600°-660°F  are  small  and 
obscured  by  changes  in  catalyst  activity.  The  data  show  a  maximum 
0f  about  90  per  cent  conversion  of  carbon  monoxide,  and  an  average  o 
8.0  per  cent  of  the  reacted  carbon  monoxide  going  to  produce  C02,  2 


Table  57.  Stanolind  Pilot-Plant  Data  for  Fluidized  Iron  Process 
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per  cent  to  Ci  -f-  C2,  19.6  per  cent  to  C3=  +  C4=,  4.4  per  cent  to  C3  + 
C4,  33  per  cent  to  C5  and  higher  hydrocarbons,  and  8.4  per  cent  to 
oxygenated  organic  compounds. 

Based  on  the  pilot-plant  tests  described  above,  a  commercial-size 
plant  (about  8,000  barrels  per  day)  was  designed  94-96’98  and  is  being 
erected  at  Brownsville,  Texas.  Synthesis  gas  is  to  be  made  by  reacting 
natural  gas  at  400-500  psi  with  oxygen  and  steam  in  two  refractory- 
lined  vessels  each  about  2,000  cu  ft  in  volume.  The  synthesis  con¬ 
verters  for  the  Brownsville  plant  are  stated  to  be  six  in  number,  and 
each  of  about  3,500-cu-ft  volume.  The  total  reactor  volume  of  21,000 
cu  ft  for  8,000  barrels  of  oil  per  day  corresponds  to  a  space-time-yield  of 


Table  58.  Proximate  Product  Distribution  of  Hydrocol  Process 


C3  +  C4 

Naphtha 

Diesel 

Residue 


Weight  Per 
Cent  of  Total 

32 

56 

8 

4 


Olefin  Content, 
volume  per  cent 
80 
70 
65 


Table  59.  Isomeric  Composition  of  Hydrocol  Product  C3,  C4,  and  C5 

Fractions 


(Per  cent  by  weight) 


Component 

Propane 

Propene 


n-Butane 
f-Butane 
Butene- 1 
Isobutene 
Butene-2 

Total  unsaturates 


n-Pentane 

Isopentane 

Pentene-1 

Pentene-2 

2- Methylbutene-l 

3- Methylbutene-l 
2-Met  hylbutene-2 
Cyclopentane 
Cyclopentene 
Total  unsaturates 


C3  Fraction 

C3-C4  Fraction 

20.2 

11.6 

79.8 

45.7 

C4  Fraction 

13.6 

5.8 

1.9 

0.8 

64.3 

27.5 

8.7 

3.7 

11.5 

4.9 

84.5 

81.9 

C&  Fraction 

7.9 

3.5 

67.2 

5.8 

3.5 

11.1 

0.7 

0.1 

0.2 

88.5 
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about  80  kg  per  cu  m  of  total  reactor  volume  per  hr;  so  that  in  this  design 
the  fluidized-catalyst  volume  is  about  =  0.445  of  the  total  reactor 
volume.  In  a  design  for  a  similar  plant  in  the  Hugoton  (Kansas)  natural 
gas  field  only  two  reactors  were  specified.94  Internal  heat  exchangers 
will  be  suspended  in  the  top  section  of  the  reactors  in  the  Brownsville 
plant. 

Some  information  is  available  113  concerning  the  quality  and  isomeric 
composition  of  the  gasoline  produced  by  the  fluidized-iron-catalyst 
process  (commercially  known  as  the  Hydrocol  process).  The  data  of 
Tables  58,  59,  GO,  and  61  contain  analyses  of  products  from  The  Texas 
Company  pilot  plants  at  Beacon,  N.  Y.,  and  Montebello,  Calif. 


Table  60.  Fractionation  of  Hydrocol  Naphtha,  Distillation  at  20: 1  Reflux 
Ratio  in  6  ft  by  |  in.  Podbielniak  Column 


Assumed 

Volume 

Olefin,  Weight 

Carbon 

Per  Cent  of 

Per  Cent  of 

Number 

Cut  Point,  °C 

Naphtha 

Fraction  <* 

6 

75 

20.4 

85.2 

7 

105 

23.4 

89.2 

8 

130 

18.7 

89.8 

9 

155 

14.2 

88.3 

10 

175 

10.7 

90.3 

11 

195 

7.6 

90.7 

Residue 

5.0 

*  The  olefin  content  was  calculated  from  the  bromine  number  on  the  assumption 
of  mono-olefins  of  the  carbon  number  given  in  the  first  column.  Because  of  the 
presence  of  oxygenated  organic  compounds  in  the  naphtha  fractions  the  olefin 

r/u~tePd  *  a,e  ‘°°  high'  ^  ^  bl'  -  «  —third  Oft 


Table  61  shows  that  only  a  very  small  amount  of  dimethyl  isomers  is 
ptesent.  These  data  combined  with  similar  data  for  the  product  from 
cobalt  catalysts  (see  p  363,  this  chapter)  indicate  that  a  basic  character^ 

Table  61.  Mass,  Spectrometric  Determination  of  Isomers  rv, 

of  Hydrogenated  Hydrocol  C6)  C7)  and  C8  Fractions  MP°smON 

(Figures  are  in  weight  per  cent  of  each  fraction.) 

Constituent  C6  c7  C 

Normal  hydrocarbons  75  9  9  rr* 

Monomethyl  isomers  20  0  90  q  !!  ! 

Dimethyl  isomers  04  ’  36  ' 

Cyclic  isomers  07  '  ^  ^ 

61  8-8  5.6 

QUality  °f  Syn,"“tic  horn  Natural 
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istic  of  the  Fischer-Tropsch  process  is  the  high  ratio  of  mono-  to  di¬ 
methyl  isomers  in  the  product.  Ultraviolet  absorption  spectra  of  the 
Cq  and  C7  unhydrogenated  tractions  showed  about  2  per  cent  benzene 
in  the  former  and  5  per  cent  toluene  in  the  latter. 

The  C3-C4  fraction,  of  composition  shown  in  Table  58,  is  readily 
polymerized,  using  Universal  Oil  Products  Company  phosphoric  acid- 
P205  polymerization  catalyst  at  400°F,  500  psi,  1.15  volumes  of  liquid 
feed  per  volume  of  catalyst  per  hour.  The  conversion  was  over  90  per 
cent  of  the  olefin  charged,  and  88  per  cent  of  the  polymer  boiled  below 
400°  F.  The  400°F-end-point  polymer  had  a  motor  octane  number  of 
82.4,  and  this  increased  to  85.9  upon  the  addition  of  3  cc  of  tetraethyl¬ 
lead  per  gal. 

The  400°F-end-point  Hydrocol  naphtha  fraction  had  a  motor  octane 
number  of  62.  Upon  catalytic  refining  (probably  over  bauxite  at  700°- 
800° F)  the  motor  octane  number  increased  to  75.9.  After  addition  of 
1  cc  of  tetraethyllead  per  gal  of  treated  naphtha,  the  motor  octane  num¬ 
ber  increased  to  80.5  and  after  addition  of  3  cc  it  increased  to  82.1.  The 
total  Hydrocol  gasoline  product  would  consist  of  25  per  cent  C3-C4 
polymer,  1 1  per  cent  n-butane,  and  64  per  cent  treated  naphtha.  This 
gasoline  would  have  an  API  gravity  of  65.8  and  Reid  vapor  pressure  of 
9.2  lb;  it  would  have  a  clear  motor  octane  number  of  80.2  and,  with  3 
cc  of  tetraethyllead  per  gal,  a  motor  octane  number  of  84.1. 

Weitkamp  114  made  a  careful  study  of  the  products  from  a  fluidized- 
iron-catalyst  operation  in  the  Stanolind  Oil  and  Oas  C  ompany  s  pilot- 
plants.  His  results  on  the  isomeric  composition  of  the  hydrogenated 
C4,  C6,  and  C7  fractions  are  given  in  Table  62.  The  results  are  in  ex¬ 
cellent’ agreement  with  those  of  Bruner.113  Weitkamp  searched  care- 


Table  62.  Isomeric  Composition  of  Hydrogenated  C4,  C6,  and  C7  Fractions 
of  Product  from  Fluidized  Iron  Catalysts 


(Per  cent  by  weight.) 


Component 

n-Butane 

t-Butane 

n-Hexane 

2- Methylpentane 

3- Methylpentane 
2,3-Dimethylbutane 
Naphthenes 
Aromatics 


Per  Cent 

Component 

Per  Cent 

89.5 

rj-IIeptane 

63.2 

10.5 

2-Methylhexane 

10.2 

73.1 

2,3-Dimethylpentane ) 

12.3 

3-Methylhexane 

15.5 

11.1 

2,4-Dimethylpentane 

0.9 

2.1 

Naphthenes 

5.1 

5.1 

1.3 

0.5 

Aromatics 

■14  A  W  Weitkamp,  The  Composition  of  Hyromrbm  Synthesis  Product  presented, 
at  Gordon  Chemical  Research  Conference,  Catalysis  Group,  New  London,  N.  ., 
June  22,  1949. 
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fully  for  even  traces  of  compounds  with  quaternary  carbon  atoms  but 
did  not  find  any.  Weitkamp’s  fractions  C4-C7  contained  75-90  per  cent 
of  olefins.  Thus  the  C6  fraction  contained  87.5  per  cent  of  olefins  of  the 
following  types: 

H  H  R\  H  H 

Type  R — C=C — H  >C=CH  R — C=C — R' 

Ry 

Per  cent  79.6  4.2  1.0 


R'\  H 
>C=C— R" 
R/ 

1.4 


Figure  21  shows  the  per  cent  of  n-aliphatics,  of  branched  aliphatics 
plus  naphthenes,  and  of  aromatics  in  the  fractions  C1-C25.  The  aro- 


Figure  4-21.  Hydrocarbon  product  distribution,  fluidized  iron  process, 

from  reference  114. 


Reproduced 


mat,cs  were  separated  by  silica  gel  adsorption,  and  the  results  are  quite 
lepioducible.  Aromatics  with  more  than  one  ethyl  or  larger  alkyl  group 
were  sought  but  not  found.  The  composition  of  the  aromatics  in  the 
Cs  and  C9  fractions  is  g.ven  in  Table  G3.  The  separation  of  n-aliphatics 
10m  the  branched  ahphatics  plus  naphthenes  depends  upon  the  fact 
that  urea  forms  a  complex  with  straight-chain  paraffins  but  does  not 
form  complexes  with  branched-chain  paraffins  and  naphthenes  The 

Tratrc'c  ,hTPHetd,  f7  Ce  °r  l0Wer  carb™  ^  fraelns  In 

For  fractions  of"arbon  numtr  gTea^rXTc  “  “  'T  V”  "“<*• 
also  form  complexes  with  ure«  V  °19  S°me  branched  Comers 

-  —  - 
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alcohols  will  form  a  complex  but  branched-chain  alcohols  will  not.  One 
molecule  of  urea  per  methylene  group  is  necessary,  so  that,  eg,  to  separate 
1  mole  of  cetane  or  hexadecane  14  moles  of  urea  are  required.  Th? 
sample  usually  is  dissolved  in  isopentane,  and  solid,  finely  powdered  urea 
is  added.  The  mixture  is  cooled  during  the  addition  of  urea  and  is 
stirred  for  1  hr,  filtered,  and  washed  with  isopentane.  The  crystalline 


complex  compound  is 

decomposed  w 

ith  water. 

Table  63.  Composition  of  Aromatics 

in  C«  and  Cg  Fractions 

OF  PRODU' 

from  Fluidized 

Iron  Catalyst 

Weight. 

Weight 

Component 

Per  Cent 

Component 

Per  Cent 

Ethyl  benzene 

41 

1-Methyl,  2-ethyl  benzene 

19 

o-Xylene 

31 

1 -Methyl,  3-ethyl  benzene 

23 

m-Xylene 

20 

1-Methyl,  4-ethyl  benzene 

9 

p-Xvlene 

8 

1,2,3-Trimethyl  benzene 

1 

— 

1,2,4-Trimethyl  benzene 

6 

Total  C8 

100 

1,3,5-Trimethyl  benzene 

1 

n-Propyl  benzene 

39 

— 

i-Propyl  benzene 

2 

Total  Cg 

100 

Eliot,  Goddin,  and  Pace  115  published  some  data  on  the  yield  and  com¬ 
position  of  oxygenated  organic  compounds  produced  by  the  fluidized 
iron  catalyst  in  pilot  plants  ot  the  Stanolind  Oil  and  Gas  Company. 
The  catalyst  was  prepared  from  mill  scale,  and  the  synthesis  was  con¬ 
ducted  at  550°-650°F  and  at  400  psi.  About  2.4  gal  of  a  water  solution 
containing  5-10  per  cent  of  oxygenated  organic  compounds  was  produced 
per  gal  of  oil.  It  was  found  possible  to  obtain  by  simple  distillation  a  rich 
distillate  containing  non-acid  chemicals,  and  a  dilute  distillation  residue 
containing  the  acids  and  the  bulk  of  the  water.  Separation  of  compounds 
in  the  distillate  was  difficult  because  of  formation  of  constant-boiling 
mixtures  of  alcohol,  water,  and  ketones.  Solvent  extraction  and  extrac¬ 


tive  distillation  procedures  were  necessary. 

Table  64  indicates  that  more  than  50  per  cent  of  the  water-soluble 
oxygenated  compounds  is  alcohol.  Of  the  alcohols,  ethyl  alcohol  occurs 
to  the  greatest  extent;  of  the  ketones,  acetone;  of  the  aldehydes,  acetal- 
dehyde;  and  of  the  acids,  acetic  acid.  The  ratio  of  normal  to  isopropy 
alcohol  is  about  10.  Weitkamp  "*  found  that  all  the  ketones  are  methyl 
ketones,  and  that  bifunctional  compounds,  such  as  aromaticalcoh J 
and  acids,  and  keto  or  aldehydro  acids,  are  not  present.  Unsaturated 
alcohols,  ketones,  and  acids  were  found. 

ii6  T.  Q.  Eliot,  C.  S.  Goddin,  Jr.,  and  B.  S.  Pace,  Chem.  Eng.  Progress,  45,  532-0 
(1949). 


Gas-Pli  use  Su  spen  si  oils 


435 


Table  64.  Water-Soluble  Organic  Compounds  from  Fluidized  Iron  Catalyst 

in  a  10,000-bbl-per-Day  Plant 


(Figures  are  in  tens  of  thousands  of  pounds  per  year  and  weight  per  cent  of  total.) 


Alcohols 

10,000 
lb  per 
Year 

Per 

Cent 

.Alde¬ 

hydes 

10,000 
lb  per 
Year 

Per 

Cent 

Ketones 

10,000 
lb  per 
Year 

Per 

Cent 

Acids 

10,000 
lb  per 
Year 

Per 

Cent 

Methanol 

60 

0.3 

Ethanol 

8.030 

36.9 

Acet 

1,310 

6.0 

Acetic 

3,930 

18.1 

n-Propanol 

1.890 

8.7 

Propion 

488 

2.2 

Acetone 

1,630 

7.5 

Propionic 

1,030 

4.7 

i-Propanol 

164 

0.8 

Methylethyl 

471 

2.2 

Butanols 

871 

4.0 

Butyra 

457 

2.1 

Methylpropyl 

194 

0.9 

Butyric 

733 

3.4 

Pentols  and 

270 

1.2 

Methylbutyl 

53 

0.2 

Valeric  and 

168 

0.8 

higher 

higher 

Total 

11,285 

51.9 

Total 

2,255 

10.3 

Total 

2,348 

10.8 

Total 

5,861 

27.0 

Kliot,  Goddin,  and  Pace  115  state  that  the  yearly  production  of  oil- 
soluble  oxygenated  organic  compounds  by  a  10,000-bbl-per-day  plant 
would  be  2,710,000  lb  of  alcohols,  2,780,000  lb  of  aldehydes  and  ketones, 
and  2,740,000  lb  of  acids. 

Rubin  102  of  the  M.  W.  Kellogg  Company  describes  the  application  of 
Huidized-catalyst  techniques  to  the  Fischer-Tropsch  synthesis  on  cobalt 
catalysts.  As  a  support  for  fluidized  cobalt  catalyst,  kieselguhr  was 
found  to  be  not  as  desirable  as  an  acid-treated  bentonite  type  of  clay 


Table  65.  Iluidized  Cobalt-Magnesia-Super-Filtrol- 
with  2H 2  +  ICO  Feed  Gas  Containing  14  Per  Cent  of 

CH4  +  6  Per  Cent  CO2) 


Catalyst  Operation 
Inerts  (8  Per  Cent 


Hours  on  conditions 
Operating  conditions 
Average  catalyst  temperatures,  °F 

8.5  ft  above  gas  entry  port 

4.5  ft  above  gas  entry  port 

2.5  ft  above  gas  entry  port 
0.5  ft  above  gas  entry  port 

Feed-gas  temperature,  °F 
Pressure,  lb  per  sq  in.  at  outlet 
Bed  conditions 
Height,  ft 

Density,  lb  per  cu  ft 
Velocity,  ft  per  sec,  at  inlet 
Cu  ft  of  feed  gas  per  hr  per  cu  ft  of 
catalyst  bed 

Per  cent  of  CO  converted 

Per  cent  of  CO  converted  to  CH4  +  C2H6 


30 


389 

406 

410 

414 

414 

25 

7.3 

46 

0.62 


585 

76.0 

21.7 
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such  as  Super  Filtrol.  A  typical  cobalt  catalyst  for  fluidized  operation 
was  prepared  in  a  manner  essentially  identical  with  that  described  in 
Chapter  3,  p  152,  for  cobalt-kieselguhr  catalysts.  After  reduction,  the 
filter-cake  granules  were  ground  in  an  atmosphere  of  carbon  dioxide  so 
that  about  all  the  powder  passed  through  a  40-mesh  screen,  and  about 
30  per  cent  of  it  passed  through  an  80-mesh  screen.  The  composition 
of  the  particular  catalyst  used  to  obtain  the  results  given  in  Table  65 
was,  in  parts  by  weight,  lOOCo:  15MgO:200  Super-Filtrol.  The  reactor 
was  a  jacketed  2-in.  pipe,  13  ft  high.  Temperature  was  controlled  by 
circulating  water  or  Dowtherm  at  reaction  temperature  through  the 
jacket.  The  reactor  contained  9  lb  of  catalyst. 


Relative  Efficiencies  and  Operating  Costs  for 
Different  Processes 

COMPARISONS  OF  OPERABILITY,  SPECIFIC  YIELD, 
AND  SPACE-TIME-YIELD 

Important  criteria  for  comparison  of  different  processes  for  Fischer- 
Tropsch  synthesis  are  operability,  yield  of  industrially  valuable  products 
per  unit  volume  of  synthesis  gas,  and  yield  per  hour  per  unit  volume  ot 
reactor.  Operability  is  difficult  to  define  and  measure  on  a  pilot-plant 
scale.  Its  importance,  however,  cannot  be  overemphasized.  The  basic 
requirement  for  satisfactory  operability  is  that  a  steady  state  be  reached 
within  a  relatively  short  time  after  starting  the  plant  or  after  introduc¬ 
tion  of  fresh  catalyst  in  an  operating  plant.  This  steady  state  shou 
persist  with  little,  if  any,  change  in  operating  conditions  and  character 
of  product  for  a  long  enough  period  of  time  to  keep  operating  and  main¬ 
tenance  costs  sufficiently  low  to  provide  an  economically  feasible  process. 
In  much  of  the  pilot-plant  work  done  in  Germany  on  the  hot-gas-recycle, 
the  powdered-catalyst  oil-slurry,  and  the  oil-circulation  processes,  a 
steady  state  was  not  reached  and  the  operability  of  the  processes  was 
not  demonstrated.  Indeed,  one  very  erroneous  conclusion,  based  o 
non-steady-state  operation,  was  drawn  as  to  the  appajt  methane^nd 

££  tS ulation  processes  oniy 

SSsr-ss 
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weight  of  oil  synthesized  per  pound  of  catalyst  during  the  life  of  the 
steady  state  is  approximately  the  same  for  the  fluidized-iron-catalyst  and 
the  oil-circulation  processes. 

In  Table  6G  are  shown  the  salient  features  of  several  Fischer-Tropsch 
processes.  Two  of  these — the  powdered-catalyst  oil-slurry  and  the 


Table  66.  Characteristics  of  Various  Fischer-Tropsch  Processes 


Cata 

lyst 


Temper¬ 

ature, 

°C 


Pres¬ 

sure, 

atm 


C3  +  , 

g  per 
cu  m 


C3+,° 

kg  per 
cu  m 
per  hr 


Gaso¬ 
line  6 


Diesel 


H.O. 

+ 

Wax  b 


Water- 
Soluble 
Chemi¬ 
cals  6 


Steel; 
tons  per 
bbl  per 
day 


Motor 

Octane 

No.* * 


Granular  catalyst,  externally  cooled,  no  gas  recycle 


Co 

Co 

Fe 


175-200 

175-200 

200-225 


1 

10 

10 


140 

150 

125 


8 

10 

10 


56 

35 

32 


33 

35 

18 


11 

30 

35 


15 


2.7 

2.4 

2.5 


50 

25 


Granular  catalyst,  externally  cooled,  gas  recycle 


I 


Fluidized  catalyst,  gas  recycle 


Fe 


300-320 


20 


150 


volume  of  reactor 
6 


Cetane 

No. 


100 

100 


Co 

Fe 

Fe 

190-224 

230 

275 

10 

20 

20 

160 

145 

145 

13 

14 

14 

50 

19 

68 

22 

19 

19 

22 

56 

8 

6 

6 

5 

1.9 

2. 1 
2.2 

:: 

Powdered  catalyst,  oil  slurry,  gas  recycle 

Fe 

250-275 

20 

170 

20 

25 

30 

51 

4 

1.2 

Granular  catalyst,  internally  cooled,  gas  recycle 

Fe 

240-280 

20 

170 

58 

58 

10 

24 

8 

0.7 

74 

78 

Granular  catalyst,  hot-gas  recycle 

Fe 

300-320  J 

20 

140 

32 

70 

17 

1  | 

12 

0.7 

75 

50 

115 

73 

7 

3 

17 

0.6 

76 

per  unit  time.  '  Carb°n  dloxide'  methane,  ethane,  and  ethylene 

•  *’  •?—»>-.  Product. 

d  n  erier  and  its  accessories  only. 

.  t!'.eaitedl  but  T.E.L.  added. 

'  try  small,  less  than  1  per  cent. 


per 
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granular-catalyst  hot-gas-recycle  processes — have  not  been  developed 
to  an  operable  level.  They  are  included  to  indicate  the  progress  that  has 
been  made  in  process  development.  Such  progress  has  been  quite 
marked  in  increase  of  space-time-yield  (kilogram  of  C3+  per  cubic  meter 
of  reaction  space  per  hour)  and  concomitant  simplification  of  reactor 
design.  The  increase  in  specific  yield  (gram  of  C3+  per  cubic  meter  of 
inert-free  synthesis  gas)  has  been  less  striking,  as  only  one  operable 
process — the  granular-catalyst,  internally  cooled  (by  oil  circulation) 
process — has  exceeded  the  best  specific  yield  of  the  Ruhrchemie  cobalt- 
catalyst,  end-gas-recycle  process.  The  importance  of  a  high  specific 
yield  when  coal  is  used  as  raw  material  for  synthesis  gas  production  is 
shown  by  the  estimate  that  60-70  per  cent  of  the  total  cost  of  the  product 
is  the  cost  of  purified  synthesis  gas. 

Table  66  shows  also  the  wide  range  of  product  distribution  which 
may  be  obtained,  using  iron  catalysts  and  varying  the  operating  tem¬ 
perature.  Concomitant  changes  in  catalyst  preparation  and  induction 
also  are  involved,  as  has  been  discussed  in  preceding  sections  of  this 
chapter.  Heavy  oil  and  wax  when  produced  at  relatively  low  tempera¬ 
ture,  ie,  240°-280°C,  are  low  in  cyclic  hydrocarbons  and  can  be  readily 
converted  to  Diesel  oil  by  mild  thermal  cracking,  lhe  octane  latings  of 
gasolines  from  iron  catalysts  are  increased  by  6—10  numbers  aftei  pas¬ 
sage  of  these  gasolines  over  bauxite  at  280°-300°C.  The  pour  points  of 
the  Diesel  oils  produced  directly  in  the  Fischer-Tropsch  synthesis  are, 
with  one  exception,  higher  than  0°C.  For  the  hot-gas-recycle  process  it 
is  reported  that  the  Diesel  oil  pour  point  is  minus  25°  C. 


OPERATING  COSTS 

Cost  estimates  have  been  published  by  Murphree  116  on  production  ol 
motor  fuel  from  petroleum,  using  conventional  refining  procedures,  and 
from  natural  gas  and  coal,  using  the  fluidized  iron  Fischer-Tropsch  proc¬ 
ess.  In  his  published  estimates  Murphree  116  included  15  per  cent  per 
year  of  the  investment  for  capital  charges  (5  per  cent  for  amortization 
and  10  per  cent  for  return  on  the  investment).  For  construction  of 
Table  67  these  charges  were  estimated  and  separated  from  Mmphree  s 
total  costs.  In  separating  the  capital  charges,  it  was  estimated  that  the 
5  per  cent  depreciation  and  the  10  per  cent  return  were  based  on  38,  ,i 
and  100  per  cent  of  the  total  investments  for  petroleum,  natuial  gas  an 
coal  respectively.  Capital  charges  for  production  of  crude  petro  eum 
and  natural  gas  are  included  in  the  prices  charged  the  processing  plants 
f"  materials,  whereas  the  capita,  charges  for  coal  are  not  included. 

lie  E.  V.  Murphree,  Oil  Gas  ./.,  46,  66-70,  95-6  (1948). 


439 


Opera  t i n g  Costs 

The  steel  requirements  listed  in  Table  67  include  steel  for  all  raw  ma¬ 
terial  production  and  transportation  as  well  as  for  processing  and  trans¬ 
portation  of  products  to  a  central  market  area.  The  Fischer-Tropsch 
process,  using  coal  as  raw  material,  requires  the  least  steel,  chiefly  be¬ 
cause  of  the  low  steel  needs  for  mining  the  coal  and  for  transportation 
of  the  product.  Initial  plant  investment  is  $8, 200 -$8,500  per  bbl  per 
day  for  the  synthetic  processes  and  $6,500  for  production  and  refining 


Table  67.  Estimate  of  Direct  Costs  for  Gasoline  from  Petroleum,  Natural 


Gas,  and 

Coal 

Raw  material 

Petroleum 

Natural  gas 

Coal 

Cost  of  raw  material 

$2.78  per  bbl  “ 

10f(  per  1,000  cu  ft  b 

$3.20  per  ton  c 

Process 

Catalytic  cracking 

Fluidized  iron 

Fluidized  iron 

Fischer-T  ropsch 

Fischer-T  ropsch 

Plant  location 

Gulf  Coast 

Gulf  Coast 

Western  Pennsylvania 

Market  location 

East  Coast 

East  Coast 

Western  Pennsylvania 

Dollars  per  bbl  per  day  d 

6,500 

8,200 

8.500 

Tons  of  steel  per  bbl  per  day 

7.8 

7.9 

5.2 

Gasoline 

Per  cent  of  total  oil  product 

87 

90 

89 

Cost,  cents  per  gal 

Raw  material 

7.1 

2.4 

3.9 

Manufacturing 

3.6 

3.7 

4.3 

Product  transport 

1.0 

1.0 

Total  direct  costs 

11.7 

7.1 

8.2 

Depreciation,  5  per  cent 

0.8 

1.9 

2.8 

°  Price  delivered  to  refinery. 

b  Price  in  field  after  gathering. 
c  Does  not  include  capital  charges  on  mining. 
d  Initial  investment. 


of  petroleum.  Murphree’s 116  gasoline  manufacturing  cost  for  the 
Fischer-Tropsch  process,  using  coal,  appears  to  be  3-4  cents  per  gallon 
too  low,  according  to  an  estimate  made  by  Roberts  and  Schultz.117 

Foreseeable  improvements  which  will  increase  operability  and  decrease 
operating  costs  are  the  development,  for  the  fluidized  iron  process  of 
catalyst  which  w.ill  not  catalyze  the  reaction  2CO  =  CO  >  +  C  and  which 
will  not  be  appreciably  oxidized  during  the  steady-state  life  of  the  cata- 
lyst  and  the  development  of  a  more  active  and  mechanically  stable 
catalyst  for  the  „  -circulation  process  so  as  to  reduce  further  the  fields 

suitable  calalyst  rltuid"  Xpmp  .V  “h 

testing  of  this  catalyst  am  described  in  Chapter  0. 

nr  S)tmC°  n  1H2  SyMhesiS  «“  is  f«' “>  ‘Ws  cata 
>  ,  tne  of  1.5CO  +  1H2  yields  not  more  C,  +  C2  than  is  produced 

117  R°bertS  and  P-  N‘  Schu,tz>  ^id.,  48,  No.  19,  116-25  (1949). 
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by  the  catalysts  presently  used  in  the  fluidized  process.  The  nitrided 
catalyst  has  not  formed  carbon  or  appreciable  amounts  of  oxide  during 
G  months  in  laboratory  tests  with  granular  (6-10  mesh)  beds.  It  has 
not  yet  been  tested  in  the  fluidized  state.  When  powdered  coal  is  gasified 
by  use  of  oxygen  and  steam,  adjustment  of  the  feed  to  equal  parts  by 
weight  of  oxygen  and  coal  with  about  0.6  part  of  steam  will  result  in 
about  1.5CO:  1H2  in  the  synthesis  gas.118,119  Catalyst  development  work 
for  the  oil-circulation  process  has  indicated  that  certain  iron  ores  when 
crushed  to  the  desired  size  (about  20  mesh),  reduced,  and  then  im¬ 
pregnated  in  vacuo  with  alcoholic  potassium  carbonate  solution  are  more 
active  than  the  fused  catalysts  and  do  not  spall  under  reaction  con¬ 
ditions.  These  improvements  in  catalysts  for  the  fluidized  and  the  oil- 
circulation  processes  probably  will  appreciably  increase  process  oper¬ 
ability  and  reduce  operating  costs  by  0.5-1 .0  cent  per  gal  of  gasoline. 

Because  the  largest  item  in  the  direct  cost  of  production  of  gasoline 
from  coal  by  the  Fischer-Tropsch  process  is  the  cost  of  synthesis  gas, 
cheaper  gasification  and  gas  purification  processes  are  being  sought.  In 
development  work  on  coal  gasification  processes  for  synthesis  gas  pro¬ 
duction  it  is  desirable  to  provide  conditions  under  which  all  the  sulfur 
of  the  coal  appears  as  hydrogen  sulfide  rather  than  as  organic  sulfur 
compounds.  Recent  unpublished  work  in  the  synthetic  liquid  luels  re¬ 
search  and  development  laboratories  of  the  U.  S.  Bureau  of  Mines  on  a 
process  for  hydrogenation  of  powdered  coal  in  the  fluidized  state  at 
500-1,000  psi  and  at  500°-600°C  has  disclosed  an  interesting  way  of 
obtaining  a  char  containing  no  organic  sulfur.  This  procedure  yields 
about  25  per  cent  of  an  aromatic  oil,  10-15  per  cent  of  gaseous  hydro¬ 
carbons,  and  45-55  per  cent  of  char.  The  char  contains  a  small  amount 
of  iron  pyrites  but  no  organic  sulfur,  because  the  latter  has  been  hydro¬ 
genated  to  hydrogen  sulfide.  The  char,  while  still  at  the  reaction  pies- 
sure  and  temperature  of  the  hydrogenation  step,  can  be  collected  in  a 
cyclone  separator  and  settled  and  transferred  in  an  expanded  state  to  a 
gasification  zone  where  oxygen  and  steam  are  introduced.  Synthesis  gab 
produced  in  this  way  should  be  virtually  tree  from  sulfur  and  would  le- 
quire  only  a  minimum  of  purification  before  use  in  the  Fischer-Tropsch 
synthesis.  Much  additional  pilot-plant  operation  is  necessary  before 
this  combination  of  coal  hydrogenation,  char  gasification,  and  Fischer- 
Tropsch  synthesis  can  be  evaluated. 


ns  h.  Perry  R.  C.  Corey,  M.  A.  Elliott,  Continuous  Gasification  of  Pulverized  C  oal 
with  Oxygen  and  Steam  by  the  Vortex  Principle,  A  Progress  Report,  presented  be  ore 
American  Society  of  Mechanical  Engineers,  New  ^1  ork,  November  1949. 

H.  C.  Hottel,  G.  C.  Williams,  and  C.  N.  Satterfield,  Thermodynamic  (  harts  fo, 

Combustion  Process.  Part  Two,  John  Wiley  &  Sons,  1949. 
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CHAPTER 

5 


The  Oxo  Process 


INTRODUCTION 

The  word  “oxo”  is  derived  from  the  German  term  “Oxierung,”  mean¬ 
ing  ketonization.  The  oxo  reaction  is  the  catalytic  addition  of  carbon 
monoxide  and  hydrogen  to  an  olefin  to  form  aldehydes  containing  one 
moie  caibon  atom  than  the  olefin  used.  The  aldehydes  usually  are  re¬ 
duced  with  hydrogen  to  primary  alcohols  in  a  second  stage.  This  two- 
stage  procedure  is  known  as  the  oxo  process.  The  most  effective  cata¬ 
lyst  is  a  reactive  form  of  cobalt  such  as  the  reduced  oxide,  carbonate,  or 
acetate. 

During  some  experiments  on  the  effect  of  olefins  in  the  feed  gas  in  the 
Fischer-Tropsch  process,  Otto  Roelen  of  Ruhrchemie  A.G.  verified  the 
observation  of  Smith  1  and  his  coworkers  that  the  resulting  product 
contained  large  amounts  of  oxygenated  organic  compounds.  Roelen  2 
patented  the  basic  procedure  of  the  oxo  process  in  1938.  Ruhrchemie 
A.G  and  I.G.  Farben.  cooperated  in  the  development  of  the  process 

T!le  reCOrd  0f  the  and  pilot-plant  work 

.  ained  in  Technical  Oil  Mission  reels  14, !  55,*  and  134.*  Summaries 

Orchinb  6  "  published  by  Weir  •  and  by  Wender  and 

(1930).  P'  Smi‘h’  °-  and  P  L'  GoWen,  J.  Am.  Ckem.  Soc.,  52,  3,221-32 

2  O.  Roelen,  R103, 362,  filed  in  Germany  Sent  IQ  ioo« 
ent  2,327,066,  Aug  17  1943  rannlir»H  '  1  .  *  '  ’  V>38,  corresP°»ding  to  U.  S.  Pat- 

Tom  :i  5' 

•  to.m:  Ri:i  f3iS05fvi?ocuments  °9-85’ inc-  “<*  88-»3.  to- 

'  J1  w1'  Uir'  T?;M- Report  6’ PB  2'047  "''45). 

I.  Wender  and  M.  Orchin,  V.  S.  Bur.  Mine,  Revt.  Ineest.  4,270  (1948). 
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142  Processes  Related  to  the  Fischer -Tropscli 

CHEMISTRY  OF  THE  PROCESS 

The  chief  primary  reaction  is  the  addition  of  a  formyl  group,  CHO, 
and  a  hydrogen  atom  to  the  olefin  bond: 

R  CH=CH2  -j-  H2  +  CO  — ►  R — CH2 — CH2 — CHO 

\ 

RCH — CH3 
CHO 

Usually  about  60  per  cent  of  branched  and  40  per  cent  of  straight-chain 
aldehydes  are  obtained.  In  addition  to  the  isomers  from  the  primary 
addition  of  CO  and  H2  to  a  particular  olefin,  the  number  of  isomers  in 
the  product  is  further  increased  by  a  shift  in  the  position  of  the  olefin 
double  bond.  This  shift  is  catalyzed  by  cobalt  carbonyl  and  occurs 
concurrently  with  the  primary  addition  of  CO  and  H2,  as  indicated: 

R — CII2 — CII=CII2  R — CH=CH — CH3 

+h2  +  CO  +h2  +  CO 

/  \  /  \ 

R-CH2— CH2— CH2CHO,  R-CH0-CH-CH3,  R— CH— CH2— CH3 

CHO  CHO 

The  reaction  that  predominates  is  the  one  involving  the  least  steric 

ch3 

hindrance.  Thus  from  isobutylene  more  CH3 — CH — CH2 — CHO  is  ob- 

CH3 

tained  than  CH3— C— CHO.  Similarly  the  trimethylpentenes  (ob- 

I 

CH3 

tained  from  isobutylene  polymerization)  yield  chiefly  products  derived 

CH3  ch3 

from  CH3 — C — CH2 — C=CH2,  and  only  very  small  amounts  derived 

I 

CH3 

ch3  ch3 

from  its  isomer,  CH3-C-CH=C-CH3.  Olefins  with  the  double  bond 

I 

between  two  tertiary  carbon  atoms  are  completely  unreactive  in  ic 
oxo  process. 
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A  minor  primary  oxo  reaction  is  the  formation  of  ketones  from  two 
olefin  molecules,  as  follows: 

R — C  H  2 — CH2 — CO — CH2 — CH2 — R 

/ 

2R — CH=CH2  +  CO  +  H2  — »  R— CH2— CH2— CO— CH— R 

\  I 

ch3 

R— CH— CO— CH— R 


CH, 


CH, 


The  chief  secondary  reactions  are  the  conversion  of  aldehydes  to  acids 
by  way  of  the  reaction  2R— CHO  +  H20  — >  RCH2OH  +  RCOOH, 
with  subsequent  esterification,  or  conversion  directly  to  esters  in  the 
absence  of  water;  and  the  aldol  condensation  reaction,  which  yields  as 
much  as  20  per  cent  of  the  total  product  as  a  high-boiling  oil  (“Dickol”), 

which  has  a  high  hydroxyl  number  and  is  probably  polyhydric  in  char¬ 
acter. 

An  attempt 4  was  made  to  obtain  aldol  condensation  of  oxo  aldehydes 
at  the  moment  of  formation  by  adding  alkaline  substances  and  by 
varying  the  pressure  and  temperature.  Upon  subsequent  hydrogenation 
diols  should  result;  or  if  one  of  the  hydroxyl  groups  is  readily  split  off  by 
dehydration,  a  primary  unsaturated  alcohol  should  be  formed.  The 
following  materials  were  tried:  aqueous  sodium  hydroxide,  alcoholic 
sodium  hydroxide,  sodium  methylate,  solid  sodium  hydroxide,  sodium 
cai  bonate  and  aqueous  ammonia.  No  major  effect  in  the  expected  direc¬ 
tion  could  be  found.  Increase  of  temperature  and  pressure  markedlv 
m eased  the  quantity  of  high-boilmg  material,  but  the  hydroxyl  nuni- 

,e7 \  the  atter  was  low-  rt  is  suspected  therefore  that  the  increase  in 
ugli-boiling  material  did  not  occur  by  way  of  the  aldol  condensation 
A  small  amount  (0.2  per  cent  of  the  charge)  of  sodium  methylate  w^s 

found  to  suppress  com pletelv  the  small  nmrmr>+  r  i  i 
aldehydes  which  oecu,,  in  the  first 

The  aldehydes,  which  are  the  maim-  n*rt  fi 

reactive,  and  it  is  difficult  \c  .  .  P  °  u‘  Product,  are  very 

t?  •  1  *  o  separate  the  components  nf  tu0 

For  preparation  of  individual  aldph^rW  •+  •  P?  ts  ol  the  mixture. 

the  whole  product  fractionate  th  1S  pie^era^e  to  hydrogenate 

-u,ti„K  fractions  to' aldehyde  a“d  ~t  the 

synthesis  of  aldehydes  from  olefins  and  CO  +  “U^enat.on.  The 
^  0M  ”  ~  *  a 
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its  rate  is  not  affected  by  appreciable  amounts  of  sulfur  compounds,4 
whereas  aqueous  ammonia  completely  inhibits  the  synthesis,4  presum¬ 
ably  by  the  formation  of  cobalt-ammonia  complex  and  consequent  de¬ 
struction  of  the  active  catalyst,  which  probably  is  cobalt  hydrocarbonyl. 

Concurrently  with  the  synthesis  of  aldehydes,  a  catalytic  shifting  of 
the  double  bond  in  the  olefin  occurs.  At  Leuna  in  1942,  Ansinger  and 
Berg  8  studied  the  shifting  of  the  double  bond  in  pure  dodecene-1  at 
various  temperatures  with  different  catalysts.  The  experiments  were 
done  in  a  small  autoclave  with  a  preheating  time  of  1  hr,  and  with  1  hr 
at  reaction  temperature.  To  remove  metal  carbonyl  the  product  was 
treated  with  5  per  cent  sulfuric  acid  at  50° C  and  distilled.  The  isomeric 
composition  was  determined  by  forming  the  ozonide,  treating  it  with 
silver  oxide  and  sodium  hydroxide,  and  subsequently  identifying  the 
products  of  the  resulting  splitting  reaction.  The  results  are  given  in 
Table  1.  The  following  conclusions  are  based  on  the  results  given  in 


Table  1.  Experiments  Showing  Migration  of  the  Double  Bond  in  Dodecene-1 


Experi¬ 

ment 


Dode- 

cylene, 

cc 


395 

395 

265 

265 

265 

265 

265 


Position  of  Double  Bond  from  End 

Reaction 

l’res- 

Carbon  Atom,  mole  per  cent 

Temper- 

Gas 

Catalyst 

ature. 

Used 

sure, 

atm 

°c 

1 

2 

3 

4 

5 

6 

Fischer,"  100  cc 

200 

n2 

200 

100 

Fischer,"  100  cc 

300 

n2 

200 

7.0 

45.5 

30.1 

8.3 

5.8 

3.0 

Fischer,"  200  cc 

250 

CO 

100 

3.0 

15.0 

20.0 

22.0 

21.0 

18.5 

Cobalt  metal,  20  g 

150 

CO 

100 

3.0 

24.0 

25.0 

18.0 

16.0 

13.5 

Fischer,"  200  cc 

150 

CO 

100 

8.1 

27.2 

23.0 

18.1 

13.3 

10.3 

Iron  pentacarbonyl,  65  g 

150 

CO 

100 

58.2 

17.8 

8.9 

5.7 

5. 1 

4.2 

Nickel  metal,  20  g 

150 

CO 

75 

100 

— 

-  Reduced  Ruhrchemie  catalyst  of  approximately  the  following  parts  by  weight:  100Co:5Th02:8MgO:200  kiesel- 
guhr,  1-3-mm  granules. 

Table  1  and  on  other  known  facts  concerning  the  oxo  synthesis.  The 
Ruhrchemie  (Fischer)  catalyst,  100Co:5Th02:8MgO:200  ldeselguhr, 
does  not  cause  shifting  of  the  double  bond  at  200° C  in  a  nitrogen  at¬ 
mosphere,  but  does  so  at  300°C.  A  small  amount  of  cychzation  also 
occurs  at  300°C.  As  the  oxo  synthesis  is  operated  at  about  150  C  >t  * 
apparent  that  Fischer  catalyst,  in  the  absence  of  CO,  is  not effective 
causing  migration  of  the  double  bond.  Experiments  4  and  5  show  that 
cobalt  metal  (from  reduction  with  hydrogen  ol  cobalt  oxide  at  4)1 
and  200  atm)  and  reduced  Ruhrchemie  Fischer-Tropsch  catalyst  arc 

8  Reference  5,  Item  6. 
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quite  effective  at  150°C  in  the  presence  of  CO;  the  product  contains 
substantial  portions  of  all  possible  isomers  produced  by  double-bond 
migration.  Iron  pentacarbonyl  at  150°C  and  100  atm  of  CO  also  is  ef¬ 
fective,  but  to  a  much  smaller  extent  than  cobalt.  Nickel  is  entirely  in¬ 
effective  at  150°C  and  100  atm  of  CO.  It  is  of  interest  that  the  order  of 
effectiveness  of  cobalt,  iron,  and  nickel  in  the  oxo  synthesis  is  about  the 
same  as  in  the  isomerization  of  olefins  by  double-bond  migration.  The 
fact  that  the  degree  of  branching  of  oxo  aldehydes  is  not  as  great  as 
would  be  expected  from  the  extent  of  double-bond  migration  shown  in 
Table  1  can  be  explained  by  assuming  that  the  isomerization  rate  is 
somewhat  lower  than  the  rate  of  addition  of  CO  and  H2  to  the  double 
bond. 

The  alcohols  produced  in  the  synol  process  (Chapter  4,  p  395)  are 
largely  unbranched.  This  fact  has  been  used  by  An  singer  and  Berg  8  as 
evidence  against  the  assumption  of  an  oxo-type  reaction  occurring  in 
the  synol  process.  However,  it  is  conceivable  that  the  orienting  in¬ 
fluence  on  an  oxo  reaction  of  the  catalytic  surface  of  a  fused  iron  cata¬ 
lyst,  under  conditions  where  only  surface  films  of  iron  carbonyl  are 

piesent,  is  sufficient  to  account  for  the  absence  of  extensive  branching 
in  the  synol  product. 


echanism  of  the  Oxo  and  Related  Re- 
Ihe  Oxo  Reaction,  presented  before 
SePtember  1949;  II.  Homoloya- 
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HYDROFORMYLATION  OF  PURE  OLEFINS 


Ethylene 10  was  reacted  in  water  or  toluene  solution.  The  I.G. 
Farben.  used  water  as  solvent,  at  150°-200°C  reaction  temperature  and 
at  150-300  atm.  The  feed  gas  contained  equal  volumes  of  CO,  H2,  and 
C2H4.  The  rate  of  water  circulation  was  such  as  to  give  an  effluent  con¬ 
taining  2-3  per  cent  of  propionaldehyde,  which  was  removed  by  distilla¬ 
tion  and  the  water  recirculated.  The  product  composition  was  G5  per 
cent  propionaldehyde,  20-25  per  cent  ethane,  and  10-15  per  cent  sec¬ 
ondary  products,  such  as  polymers  of  propionaldehyde.  The  reactor  was 
packed  with  pumice  on  which  0.5-1  per  cent  of  cobalt  had  been  de¬ 
posited,  and  depletion  of  cobalt  was  compensated  for  by  addition  of 
cobalt  salts  of  fatty  acids  to  the  feed  water. 

Ruhrchemie  used  toluene  as  solvent  because  it  is  readily  separated 
from  the  oxo  products.  The  operating  temperature  and  pressure  were, 
respectively,  115°C  and  150  atm.  Through  a  suspension  ol  5-7  per  cent 
of  Ruhrchemie  cobalt  catalyst  in  toluene,  a  feed  gas  containing  25  per 


cent  C2H4,  25  per  cent  CO,  and  35  per  cent  H2  was  pumped  at  the  rate 
of  18  cu  m  per  hr.  The  residual  gas  was  virtually  free  from  ethylene  and 
emerged  at  the  rate  of  4-5  cu  m  per  hr.  The  product  contained  70-80 
per  cent  propionaldehyde  and  other  products  such  as  ethane,  methyl 

ethyl  acrolein,  and  diethyl  ketone. 

If  the  temperature  was  increased,  a  small  amount  of  product  char¬ 
acteristic  of  the  Fischer-Tropsch  synthesis  was  obtained,  but  the  main 
change  was  the  production  of  propanol  instead  of  the  aldehyde.  Roelen 
stated  10  that  this  direct  alcohol  synthesis  could  be  carried  out  by  pass¬ 
ing  water  gas-ethylene  mixture  over  a  fixed  cobalt  catalyst  supported 
on  pumice  at  about  210°C,  the  products  being  chiefly  propanol  and 
ethane  Roelen  did  not  state  the  operating  pressure.  No  cobalt  car¬ 
bonyl  appeared  in  the  products.  The  catalyst  operated  1,000  hr  with- 
out  any  deterioration.  Roelen  stated  that  a  direct  alcohol  synthesis  ol 
this  type  can  be  conducted  with  higher  olefins,  but  the  proport, on  hy¬ 
drogenated  directly  to  the  hydrocarbon  increases  with  molecular  weig  • 
Recent  unpublished  work  in  research  laboratories  m  the  United  f  tales 
shows  that  very  little  hydrogenation  of  aliphatic  olefins  occurs  during  i 


ydroformylation  reaction.  ,  ,  ,  Aa  pn _ 

'  Propylene '»  yields  chiefly  equal  amounts  of  mtynJdehytte,jCHa 

rn  pu _ CTIO  and  dimethyl  acetaldehyde,  C  H(C  H3)2 

sobutylene  ■'  yields  about  80  percent  of  3-methy.butanol-l  and  20  per 

w  c.  C.  Hall.  S.  R.  Oaxford,  and  D.  Gall,  of  Dr'  °"°  Rode" 

tuhrchemie  A.G..  B.WS.  Final  Pa  Lt  Che.  OZ  ,3.600. 

*»  T.O.M.  Reel  36,  Items  21  and  36,  1A>.  raiotn.,  au.i  pp 
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cent  of  higher-boiling  alcohols,  from  the  two-stage  process  (hydro- 
f ormylation  followed  by  hydrogenation).  No  2,2,2-trimethylethanol 
was  formed. 

2-Methyl pentene-1  was  subjected  to  the  oxo  reaction  by  Eckhardt.12 
The  product  was  chiefly  3-methyl  hexaldehyde  and  includes  smaller 
amounts  of  3-methyl  hexanol-1,  3-methylcaproic  acid,  2,8-dimethyl 
undecanone-6,  some  C14  aldehyde  and  C]4  carboxylic  acid,  higher  esters 
of  /3-methylcaproic  acid,  and  some  /3-methyl  caproaldehyde  dimethyl 
acetal  (when  methanol  is  added  to  the  reaction  mixture). 

Cyclohexene  yielded  12>I3  chiefly  (90  per  cent)  hexahydrobenzaldehyde 
and  hexahydrobenzyl  alcohol.  The  remaining  10  per  cent  of  the  product 
contained  a  major  amount  of  dimeric  hexahydrobenzaldehyde  and 
smaller  amounts  of  trimeric  hexahydrobenzaldehyde. 

Starting  with  cyclohexene,  a  major  proportion  (about  75  per  cent) 
of  the  product  may  be  obtained  as  hexahydrobenzyl  alcohol.  This  can 
be  dehydrated  to  yield  methylenecyclohexane.  The  latter,  when  used 
in  the  oxo  synthesis,  yields  /3-cyclohexylethyl  alcohol,  which  upon  de¬ 
hydration  gives  cyclohexylethylene,  a  valuable  raw  material  for  plastics 
manufacture.  Partially  reduced  aromatic  rings  undergo  the  oxo  re¬ 
action.  However,  attempts  to  build  up  the  higher  alcohols  further  in  a 
series  of  oxo  reactions  and  dehydrations  were  not  successful  probably 
because  of  extensive  formation  of  branched-chain  olefins. 

w-Dodecylene  yields,14  upon  hydroformylation  and  hydrogenation  of 
the  aldehyde,  tridecyl  alcohol  containing  about  40  per  cent  of  the  normal 
alcohol  and  60  per  cent  of  alkyl  branched  alcohols  (dialkyl  ethanols). 

Adkins  and  Krsek  15  investigated  hydroformylation  of  several  types 
of  unsaturated  compounds  containing  one  double  bond,  at  12o°C  and 
1 00-3 00  atm  of  1H2  +  ICO,  in  the  presence  of  dicobalt  octacarbonyl 
asjatalyst.  The  nature  of  the  radical  R  in  substituted  ethylenes 
*  exercised  a  marked  influence  on  the  place  of  addition  of 

-rnin  rAT  TT  When  K  was  ~C°:AH.5,  -CH,02CCH3,  or 
CH(02C(  II3)2,  or  when  (C2H5)2C=CH2  or  C2H5C(CH3)=CH,  was 

ie  reactant,  addition  of  — HCO  was  exclusively  to  the  terminal  carbon 

atom.  In  contrast  to  these  results,  when  R  was  phenyl,  a-naphthyl 

ethoxymethyl,  or  n-butoxy,  addition  of  —HCO  was  on  the  substituted 

Tie  n the  rr  rch(ch3)- 

C02ch3,  -ch2oc6h5, 

12  Reference  5,  Item  7. 

13  Reference  5,  Item  1. 

is  n°iu!'Reel  134,  Section  7-  Item  3. 

ins  and  G.  Krsek,  J.  Am.  Chem.  Soc.,  71,  3,051-5  (1949). 
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-HCO  gave  mixtures  of  aldehydes  of  the  types  RCH2CH2CHO  and 
RCH(CH3)CHO. 

Crotonaldehyde,  acrolein,  methyl  vinyl  ketone,  and  mesityl  oxide, 
all  of  which  contain  an  a,/3-unsaturated  carbonyl  system,  were  reduced 
to  the  corresponding  saturated  carbonyl  compounds  yielding,  respec¬ 
tively,  butyraldehyde,  propionaldehyde,  methyl  ethyl  ketone,  and 
methyl  isobutyl  ketone.  Apparently  a,/3-unsaturated  aldehydes  and 
ketones  cannot  undergo  the  hydroformylation  reaction. 


HYDROFORMYLATION  OF  PURE  DIOLEFINS 


The  dimethylhexadienes  were  subjected  to  the  oxo  reaction  by 
Gemassmer,  Berg,  and  Meusel 16  of  the  I.G.  Farben.  2,5-Dimethyl- 

ch3  ch3 

I  I 

hexadiene-1,5,  CH2=C— CH2— CH2— C=CH2,  dissolved  in  four  times 
its  volume  of  cyclohexane,  reacted  readily,  yielding  a  mixture  of  nonanol 
and  decanediol,  the  latter  constituting  35  per  cent  of  the  product.  Vari¬ 
ous  unsuccessful  attempts  were  made  to  repress  the  formation  of  the 
nonanol  and  increase  the  yield  of  decanediol.  These  attempts  included 
increasing  the  carbon  monoxide  partial  pressure,  operating  at  the  lowest 
possible  temperature,  addition  of  carbon  disulfide  to  repress  hydrogena¬ 
tion,  use  of  paraformaldehyde  in  place  of  CO  +  H2,  and  use  of  metha¬ 
nol  as  a  solvent.  Mixtures  of  CO  and  H20  or  CO  and  alcohol  were  tried 
in  place  of  CO  +  H2  with  the  hope  of  obtaining  a  good  yield  of  dimethyl 
suberic  acid  or  of  its  ester.  However,  no  conversion  at  all  occurred  when 

water  or  alcohol  replaced  the  hydrogen. 

The  conjugated  diolefin,  3,4-dimethylhexadiene-2,4, 

ch3  ch3 

I  I 

CH3 — CH=C - C=CH  CH3 


gave  an  almost  quantitative  yield  of  nonanol  and  no  diol.  It  was  sus¬ 
pected  that  the  2,5-dimethylhexadiene-l,5  formed  only  3o  per  cent  diol 
becmise  it  contained  substantial  amounts  of  the  “ 

Careful  physical  measurements,  however,  showed  that  tins  was 


CaDimethallyl  sulfide  and  dimethallyl  ether  -  wer< l^orVhe  Oxygen 
reaction  High  diol  yield  was  expected  because  the  sultm  01  the  oxyg 
atom  should  prevent  the  double-bond  migration  to  form  a  conjugal 


16  Reference  4,  Documents  78,  79,  80,  81. 
n  Reference  4,  Document  74. 
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system.  Both  substances,  however,  when  dissolved  in  cyclohexane  and 
subjected  to  the  oxo  conditions,  reacted  in  a  complex  manner.  The 
boiling  points  obtained  upon  distillation  of  the  products  increased  grad¬ 
ually  from  100°  to  400°C,  and  each  fraction  had  a  very  small  hydroxyl 
number. 


HYDROFORM YLATION  OF  FISCHER-TROPSCH  PRODUCTS 

Products  from  the  various  types  of  Fischer-Tropsch  operations  were 
subjected  to  the  oxo  synthesis  by  Gemassmer  and  Berg.18  The  proximate 
analysis  of  the  raw  materials  and  of  the  products  was  done  by  fractional 
distillation  and  determination  of  hydroxyl  numbers,  iodine  numbers, 
etc.,  on  these  fractions.  In  all  cases,  about  95  per  cent  of  the  olefins  in 
the  raw  material  was  converted  to  alcohol.  The  product  of  the  Ruhr- 
chemie  operation  with  end-gas  recycle  on  cobalt  catalyst  (see  Table  38 
of  Chapter  4)  was  particularly  well  suited  for  use  in  the  oxo  process,  be¬ 
cause  ot  the  high  yield  ol  alcohol  suitable  for  either  detergent  or  plas¬ 
ticizer  19  production.  The  alcohol  product  was  colorless  and  odorless. 

Olefinic  gasols  and  gasolines  from  cracking  of  German,  Hungarian, 
and  Rumanian  petroleum,  shale  oils  from  Estonian  and  Swedish  opera¬ 
tions,  low-temperature-carbonization  brown-coal  tars,  and  liquid-phase 
coal-hydrogenation  oils  also  were  subjected  to  the  oxo  process  In  most 
cases  the  oxo  reaction  could  be  effected  without  preliminary  refining  of 
the  oil.  Pretreatment  with  caustic  and  with  dilute  acids  was  found  de¬ 
sirable  for  the  brown-coal  tar.  Somewhat  higher  than  normal  tem¬ 
peratures  were  needed  for  hydroformylation  of  olefins  from  petroleum 
pioducts,  but  otherwise  the  reaction  proceeded  smoothly.  Hydrogena¬ 
tion  was  retarded  somewhat  by  the  presence  of  sulfur  compounds  The 
alcohols  formed  were  separated  in  part  by  distillation  and  in  part  by 
way  of  the  boric  acid  esters-  The  alcohols  usually  were  clear  or  pale  vel 
low  liquids  with  a  faintly  aromatic  odor.  They  had  low  meltino-  n  :  i 

. - . 

18  Reference  5,  Item  5. 

19  Reference  3,  Frames  798-801. 

Sec!i0".11' .«*">  contains  data  on  the  separation  of  aliphatic 


alcohols  from  accompanying  hyirocarbot'ts  by  “ex  traction  wi 


ith  aqueous  methanol. 


Processes  Related  to  the  Fischer -Tropscli 
LARGE-SCALE  OXO-PROCESS  DEVELOPMENT 

Characteristics  of  the  Process  of  Importance  in  Process 

Development 

The  temperature  in  the  hydroformylation  stage  varies  from  115°  to 
190°C,  depending  upon  the  catalyst  activity  and  the  nature  of  the  olefinic 
raw  material.  The  choice  of  reaction  temperature  was  also  determined 
by  the  extent  of  isomerization  desired  in  the  product.  Thus,  if  the  hy¬ 
droformylation  of  a  Ci6  olefin  was  started  and  maintained  at  170°- 
190°C,  the  alcohols  obtained  by  hydrogenation  of  the  product  had  a  low 
melting  point,  whereas  when  the  hydroformylation  was  started  at  100°- 
130°C  and  the  temperature  slowly  raised,  the  alcohols  had  an  appre¬ 
ciably  higher  melting  point. 

Although  hydroformylation  of  olefins  could  be  conducted  at  moderate 
pressures  of  about  50  atm,  only  about  10  per  cent  conversion  was  ob¬ 
tained  in  1  hr,  whereas  at  150  atm  70-80  per  cent  conversion  was  ob¬ 
tained.  The  reaction  is  exothermic  (about  150  kcal  per  kg  of  olefin 
charged  for  the  total  reaction  to  produce  alcohols),  and  adequate  ar¬ 
rangements  for  temperature  control  must  be  made.16-21  After  comple¬ 
tion  of  the  hydroformylation,  the  liquid  aldehyde  plus  the  catalyst  sus¬ 
pended  in  it  must  be  cooled  under  pressure.  If  the  pressure  is  lowered 
before  cooling,  cobalt  metal  from  the  decomposition  of  cobalt  carbonyl 
deposits  immediately  beyond  the  point  of  pressure  release.21 

Although  the  oxo  reaction  is  not  sensitive  to  sulfur  compounds,  the 
catalytic  hydrogenation  of  oxo  aldehydes  is  greatly  retarded  by  sulfui 
compounds  and  carbon  monoxide.  It  was  therefore  consideied  neces¬ 
sary  to  reduce  to  a  minimum  the  amount  of  cobalt  carbonyl  carried  by 
the  oxo  liquids  into  the  hydrogenation  stage,  and  to  avoid  increase  in 
the  CO  content  of  the  recycled  hydrogen.  The  latter  was  achieved  by 
introduction  of  a  methanation  step  in  the  recycle  hydrogen  stream, 
whereby  the  CO  was  converted  to  methane  by  passage  of  the  gas  mixtuie 
over  an  iron  or  nickel  catalyst. 


Batch  Processes  of  Ruhrchemie  and  I.G.  Farben. 


At  Leuna,22  in  experimental  batch  operations,  six  vertical  reactors 
20  cm  I.D.  and  800  cm  high  were  used.  They  were  jacketed  (water 
under  pressure)  and  contained  a  tubular  heat  exchanger  A  batch  o 
140  1  of  liquid  olefin  plus  4  per  cent  of  Ruhrchemie  cobalt  catalyst  Mas 


21  Reference  4,  Documents  72,  73,  78,  79. 

22  Reference  5,  Item  2. 
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heated  to  reaction  temperature  (125°-150°C)  under  150  atm  of  water 
gas.  Effective  agitation  was  accomplished  by  passing  GO  cu  m  per  hr  of 
water  gas  through  the  reactor.  After  about  1  hr  the  reactor  contents 
were  cooled  and  discharged  at  atmospheric  pressure.  The  liquid  plus 
catalyst  was  then  pumped  into  a  second  converter  and  hydrogenated  at 
180  atm  of  hydrogen  and  at  about  180°C.  About  GO  cu  m  per  hr  of  hy¬ 
drogen  was  passed  through  the  reactor.  The  product  from  the  hydro¬ 
genation  stage  was  filtered,  and  the  catalyst  thus  recovered  was  recycled 
to  the  hydroformylation  stage. 

This  batch  operation  at  Leuna  showed  that  the  abrasive  Ruhrchemie 
cobalt  catalyst  can  be  pumped  at  high  pressure  without  too  much  erosion 
on  pumps  and  valves.  Only  the  valves  discharging  the  slurry  to  atmos¬ 
pheric  pressure  were  appreciably  eroded,  and  here  Widia  valves  (tung¬ 
sten  carbide  seats  and  needles)  were  used. 

At  Oberhausen-Holten,23  the  Ruhrchemie  batch  operation  was  con¬ 
ducted  in  40-cm-I.D.  reactors  1,200  cm  high.  Each  reactor  contained  a 
heat  exchanger  consisting  of  thirty-one  tubes,  38  mm  O.D.  and  800  cm 
long.  The  heat  exchangers  were  connected  to  a  steam  drum.  The  opera¬ 
tion  was  similar  to  that  described  for  the  Leuna  batch  operation. 


Designs  for  Continuously  Operating  Plants 

The  continuous  operation  at  Leuna  was  described  by  Horne  24  and 
discussed  in  a  conference  28  at  Oberhausen-Holten  in  1943.  Four  per 
cent  ol  powdered,  reduced  Ruhrchemie  cobalt  catalyst  was  added  to  the 
o  efimc  raw  material.  Most  of  the  catalyst  was  recycled  from  the  filters 
after  the  second  (hydrogenation)  stage  of  the  process.  Three  hundred 
to  ,00  ol  this  slurry  was  preheated  to  about  150°C  and  pumped  into 
the  first  reactor  concurrently  with  15-20  cu  m  per  hr  of  purified  pre- 
heated  (to  150M90°C)  water  gas  and  40-45  cu  m  per  hr  of  recycled 
"a  ei  gas,  at  220  240  atm.  The  first  reactor  was  20  cm  I  D  and  800 
cm  high  and  was  constructed  of  carbon  steel.  It  contained  .  .f  , 
cooling  tubes  21  mm  O.D.,  17  mm  I.D.,  which  were  connected  to  a\vater 
jacke  surrounding  the  reactor,  and  both  tubes  and  jacket  we^  eon 

«v:  was  usi  ^ 

temperature  of  product  from  ££ 

2!  Reference  5,  Item  10 

rPB^oTsT- * ig-  **-• 

7,370  (1946),  pp  89-92.  Y’  1  B  6’650>  U-  S-  Bur.  Mines  Inform.  Circ. 

26  Reference  5,  Item  17. 
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150° C.  The  temperature  and  feed  rate  depended  upon  the  concentration 
and  molecular  weight  of  olefins  in  the  feed.  About  70  per  cent  of  the 
olefins  usually  were  converted  in  the  first  reactor. 

The  products  from  the  top  of  the  first  reactor  were  conducted  into  the 
bottom  of  the  second,  concurrently  with  an  additional  60  cu  m  per  hr  of 
preheated  water  gas.  The  second  reactor  had  the  same  dimensions  as  the 
first  but  was  fitted  with  baffles  and  did  not  contain  any  cooling  tubes. 
The  usual  temperature  in  the  second  reactor  was  170°G.  Virtually  all 
the  remaining  olefins  were  hydroformylated,  and  about  20  per  cent  of 
the  aldehyde  product  was  hydrogenated  to  alcohol. 

The  products  from  the  top  of  the  second  reactor  flowed  through  a 
water  cooler  and  thence  to  a  separator,  where  the  liquid  product  was 
separated  from  the  excess  water  gas.  Both  cooler  and  separator  were  at 
reaction  pressure  (220-240  atm).  Cobalt  carbonyl  had  to  be  completely 
removed  from  the  recycled  water  gas  to  avoid  the  formation  of  cobalt 
deposits  in  the  gas  preheaters.  The  recycle  gas  was  scrubbed  under 
pressure  by  crude  alcohol  product  fed  into  a  bubble-cap  column.2  The 
liquid  product  from  the  separator  was  let  down  to  atmospheric  pressure, 
and  the  released  dissolved  gases  were  purged  after  scrubbing  with  alcohol 


product  to  prevent  loss  of  liquid  by  entrainment.  When  low-molecular- 
weight  (C2-C8)  olefins  were  hydroformylated,  the  released  dissolved 
gases  were  passed  through  activated  charcoal  or  silica  gel  to  recover 

product  vapors. 

The  first-stage  liquid  product  was  preheated  and  pumped  concurrently 
with  60  cu  m  per  hr  of  a  preheated  mixture  of  fresh  hydrogen  and 
methanized  recycle  hydrogen  at  200-250  atm  into  the  bottom  of  the 
first  reactor  of  the  second  stage.  This  reactor  was  identical  in  consti  no¬ 
tion  with  the  first  reactor  of  the  first  stage.  The  temperature  of  the 
product  coming  from  the  top  of  the  first  hydrogenation  reactor  was 
maintained  at  180°C.  The  product  was  conducted  into  the  top  oi  the 
second  hydrogenation  reactor,  where  it  flowed  countercurrently  to  a 
stream  of  CO  cu  m  per  hr  of  a  preheated  mixture  of  fresh  and  recycle  hy¬ 
drogen.  The  second  hydrogenation  reactor  was  identical  m  construc¬ 
tion  with  the  second  hydroformylation  reactor.  Liquid  product  was 
discharged  from  the  bottom  of  the  second  hydrogenation  reactor  at  sue  i 
a  rate  at  to  keep  the  reactor  about  three-fourths  full  of  liquid  and  provide 
a  gas  cushion  at  the  top  from  which  hydrogen  containing  some  carbon 
monoxide  was  withdrawn.  This  gas  was  water-cooled  and  passed  to  a 
catch  pot  for  separation  of  condensed  liquid  which  was  returned I  to  t 
hydrogenation  reactor.  Before  being  recycled,  gas  from  the  cate  P 


26  Reference  5,  Item  11. 


453 


Designs  for  Continuously  Operating  Plants 


was  heated  to  250° C  and  passed  over  an  iron  (synthetic-ammonia-type) 
catalyst  for  conversion  of  carbon  monoxide  to  methane. 

The  liquid  product  was  let  down  to  about  10  atm  in  a  separator  from 
which  the  liberated  dissolved  gases  were  vented.  It  was  then  filtered  in 
batches  of  700  1  in  a  pressure  filter  equipped  with  porous  ceramic  tubes. 
The  catalyst  was  washed  off  the  tubes  by  olefin  feed  stock  and  recycled 
to  the  first-stage  feed  pumps. 

A  number  of  variations  in  the  Leuna  continuous  process  were  tested. 
The  effect  of  introducing  liquid  feed  at  the  top  instead  of  the  bottom  of 
one  or  both  of  the  first-stage  reactors,  and  of  countercurrent  flow  of 
liquid  and  gas  in  the  first  stage,  was  tried.  The  process  also  was  operated 
with  only  one  reactor  in  each  stage.  All  these  variations  proved  less 
efficient  than  the  procedure  outlined  above.  Any  appreciable  decrease 
in  recycling  of  gas  through  the  reactors  resulted  in  inadequate  agitation 
of  the  slurry  of  catalyst  and  liquid  reactant. 


At  Ludwigshafen  25  the  oxo  synthesis  was  conducted  in  reactors  packed 
with  granules  of  pumice  impregnated  with  a  cobalt  compound.  Deple¬ 
tion  oi  cobalt  in  the  pumice  was  made  up  by  recycling  a  cobalt  com¬ 
pound  soluble  in  the  olefin  feed.  All  the  heat  of  reaction  was  removed 
by  gas  recycling  through  heat  exchangers  outside  the  converters.  The 
cobalt  compound  was  prepared  by  treatment  of  cobalt  acetate  with  com¬ 
mercial  fatty  acids  characterized  25  as  “first  runnings.”  The  displaced 
acetic  acid  was  separated  in  a  vacuum  evaporator,  and  the  fatty  acid 
salt  oi  cobalt  was  dissolved  in  the  olefin  feed  to  yield  a  cobalt  concentra¬ 
tion  of  0.02-0.05  per  cent.  This  solution  was  pumped  through  a  pre- 
leater  to  the  top  of  the  first  reactor  and  was  passed  down  through  it 
concurrently  with  a  mixture  of  preheated  fresh  and  recycled  water  gas. 
ie  iquid  flow  in  the  second  hydroformylation  reactor  also  was  down- 

wnmv  I™™"*  ,  the  gas  "ow-  The  rate  of  How  was  about 

14,000  volumes  per  volume  of  eatalyst  packing  per  hour  in  both  the  hv- 

droformylation  and  hydrogenation  stages.  The  off  gas  from  each  re- 
«  lWa7heT  d  °U!h  \'1Cat  eXC'’anger  t0  remove  the  heat  of  re- 

rvdrLn  ,h  '  h  T  ■  ■  firSt  Stage  WaS  PaSSed  alonS  with 

I  .  h  C  h  8  a  d“obaltmg  reactor  packed  with  pumice.  Here  the 
cobalt  carbonyl  was  reduced  to  cobalt,  which  precipitated  on  the  nod, 
mg  and  was  periodically  reconverted  to  carbonvl  Vw  r  3 

st  e  atat  k 

ducimr  cTtalv^t  Tt  granules  of  an  efficient  re- 

- 5  ~ 
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tested  on  a  pilot-plant  scale  and  was  based  on  relatively  small  laboratory 
experiments.  A  plant  of  this  type  probably  would  be  more  costly  to  in¬ 
stall  and  operate  than  the  Leuna  continuous  plant  because  of  the  ap¬ 
preciably  larger  number  of  high-pressure  vessels,  such  as  separators,  and 
heat  exchangers. 

The  Isoparaffin  Synthesis 

INTRODUCTION 

The  synthesis  of  highly  branched  aliphatic  hydrocarbons  from  water 
gas  was  developed  on  a  laboratory  scale  at  the  Kaiser  Wilhelm  Inst  it  ut 
fur  Kohlenforschung  in  Mulheim,  Germany,  by  Pichler  and  Ziesecke.27 
Non-reducible  oxides,  particularly  thoria,  were  found  to  catalyze  the  re¬ 
duction  of  carbon  monoxide  at  elevated  temperatures  (about  450°  C) 
and  pressures  (100-1 ,000  atm).  The  product  contained  chiefly  branched- 
chain  aliphatic  hydrocarbons,  and  only  minor  amounts  of  normal  par¬ 
affins.  Under  these  conditions  Fischer-Tropsch  catalysts  (promoted  iron 
or  cobalt)  yield  chiefly  carbon  and  methane.  Methanol  synthesis  cata¬ 
lysts  (such  as  copper-zinc  oxide)  yield  chiefly  oxygenated  compounds 
and  small  amounts  of  hydrocarbons. 


CATALYST  PREPARATION 

Most  of  the  catalysts  were  prepared  by  precipitation  from  nitrate  solu¬ 
tions  by  addition  of  sodium  carbonate.  The  thorium  catalyst  used  in 
most  of  the  experiments  (“standard”  catalyst)  was  prepared  by  adding 
a  boiling  solution  of  sodium  carbonate  to  an  equal  volume  of  boiling  solu¬ 
tion  of  thorium  nitrate  containing  120  g  of  thorium  nitrate  per  1.  A  slight 
excess  of  sodium  carbonate  was  present.  The  precipitate  was  washed 
free  of  excess  alkali  and  dried  at  110°C.  This  procedure  yielded  a  hard 
granular  catalyst  whose  bulk  density  was  1.3.  If  more  concentrated 
solutions  were  used,  the  catalysts  had  a  lower  bulk  density  1  bus,  with 
300  g  of  thorium  nitrate  per  1  and  a  corresponding  three-fold  increase  in 
sodium  carbonate  concentration,  the  catalyst  obtained  had  a  bulk  den¬ 
sity  of  only  0.70  and  was  much  softer.  When  a  concentration  of  120  „ 
of  thorium  nitrate  per  1  was  used  and  the  precipitation  was  conducted 
very  slowly,  over  a  period  of  1  hr.  the  resulting  catalyst  was  a  dense, 
glassy  material  of  2.3  bulk  density.  Similarly  dense  catalysts  w< ic 
mined  even  with  rapid  precipitation  when  sodium  hydroxide  ornmw 
was  used  as  precipitant.  The  standard  catalyst  of  bulk  density  1.3 

-H.  Pichler  and  K  H.  Zicsecho,  X95o“ 

Frames  790-931;  translation  published  in  U.  Bur.  Mine. 
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usually  was  heated  at  300°C  for  some  time  before  use  in  the  synthesis. 
This  heating  resulted  in  the  evolution  of  water  and  carbon  dioxide,  with 
concurrent  shrinkage  and  increase  in  bulk  density  to  2.0. 

The  thoria  catalyst  was  unaffected  by  sulfur  compounds.  Neither 
preliminary  treatment  with  hydrogen  sulfide  or  carbon  disulfide  nor 
precipitation  with  ammonium  sulfide  had  any  effect  on  its  activity.  In 
addition  to  this  insensitivity  to  sulfur,  the  thoria  catalyst  was  a  very 
durable  one.  Periodic  burning  off  of  carbon  deposits  in  air  at  synthesis 
temperature  did  not  impair  its  activity. 


APPARATUS  USED  IN  THE  TESTS 

The  reaction  vessel  was  a  copper-lined  steel  tube  about  1  cm  in  di¬ 
ameter  and  50  cm  long.  Ordinary  or  low  alloy  steels  are  catalytically 
active  in  production  of  appreciable  amounts  of  carbon  and  methane.  It 
was  desirable,  therefore,  to  use  stainless  or  high  alloy  steels  if  the  copper 
liner  was  not  used.  In  most  of  the  tests  25  cc  of  catalyst  was  spread  over 
a  30-cm  length  of  the  reactor  which  was  in  a  slightly  inclined  (about 
15°)  position  from  the  horizontal.  The  products  passed  through  a  liquid- 
gas  separator  under  pressure.  The  pressure  then  was  reduced  to  atmos¬ 
pheric,  and  the  gas  conducted  through  a  bed  of  activated  charcoal  and  a 
gas  meter.  In  most  of  the  experiments  the  reactants  made  a  single  pass 
(no  recycle  of  end  gas)  through  the  reactor.  The  off-gas  velocity  was  in 
all  (-ases  10  1  per  hr.  In  some  experiments  the  end  gas  was  recycled  after 
being  passed  through  two  liquid-gas  separators  under  pressure,  one  at 
atmospheric  temperature  and  the  other  at  —  25°C. 


CATALYST  ACTIVITY  TESTS 

Activi'y  tests  were  made  on  a  large  number  of  unpromoted  oxides 
he  oxides  of  thorium,  aluminum,  chromium,  titanium,  beryllium  zir- 

a  bon,  although  some  isoparaffins  were  present  Tihlp  9 

suits  of  tests  with  Th02,  ZrO,  CeO-  and  A1  O tT  2  contains  re- 
as  well  as  preparations  of  alumina  obtained8' bv ^  remammS °xides- 

61  The  effectP°ofrly  "  Pr<K,UCed 

leS" a  Pr°m0tei-  de¬ 

taining  a  measured  quantity  of 
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evaporated  to  dryness.  Comparative  tests  were  made  at  30  atm  and  at 
450°,  475°,  and  500° C.  Thoria  catalysts  containing  0,  0.5,  1.0,  5.0,  and 
25  per  cent  of  potassium  carbonate  were  tested.  The  results  show  that 
the  activity  of  the  thoria  decreased  with  increasing  alkali  content,  the 
decrease  being  greater  at  the  lower  temperatures.  Thus,  upon  increasing 
the  alkali  content  from  1  to  5  per  cent  the  conversion  at  450°  C  dropped 
from  13  to  almost  zero  per  cent,  whereas  at  500° C  it  dropped  only  from 
28  to  22  per  cent.  Thus,  it  was  possible  with  alkalized  thoria  to  conduct 
the  synthesis  at  500°  C  without  extensive  formation  of  carbon  and 


Table  2.  Activity  of  Unpromoted  Thoria,  Zirconia,  Ceria,  and  Alumina 
at  450°C,  150  atm  of  Water  Gas  (IH2  +  ICO) 


Catalyst 

Th02 

Zr02 

Ce02 

A1203 


Gas 

Conversion, 
volume 
per  cent 
46 
32 
10 
53 


Per  Cent 
Isobutane 
in  the  C4 
Fraction 

88 

82 

81 

59 


Grams  per  Cubic 
Meter  of  Water  Gas 


Isobutane 

16 

9 

1.3 

2.8 


Oil  + 
Gasoline 

40 


methane.  At  500°C  the  products  were  largely  cyclic  hydrocarbons.  For 
example,  at  30  atm  and  500°C,  the  liquid  hydrocarbons  produced  when 
a  thoria  catalyst  containing  1  per  cent  potassium  carbonate  was  used 
contained  42  per  cent  of  naphthenes,  8  per  cent  of  aromatics  (prin¬ 
cipally  toluene),  anti  3  per  cent  of  phenol.  At  450°C  and  300  atm,  sma 
amounts  of  alkali  (about  0.5  per  cent  of  potassium  carbonate)  did  not 
affect  the  degree  of  conversion,  but  altered  the  product  distribution  so 
that  a  larger  proportion  of  higher-boiling  hydrocarbons  was  produced 
Alu^a  chromium  oxide,  and  zinc  oxide  were  found  to  be  desirable 
promoters  for  thoria  in  the  isoparaffin  synthesis.  The  best  results  with 
alumina  were  obtained  when  the  thoria  and  alumina  were  precipitated 
separately  and  the  washed  precipitates  mixed  before  drying  and  sinteii  g 
at  300°C  The  alumina  was  precipitated  from  sodium  aluminate  solu¬ 
te  by  acidification  with  sulfuric  or  carbonic  acids.  The  thona  was  pre¬ 
cipitated  from  nitrate  solution  by  addition  of  sodium  carbonate  solution 
Table  3  contains  results  of  tests  with  different  amounts  ot  alumina  in  a 
rabled  co  catalyst,  and  data  for  comparison  ol  co- 

coprecipitated  2  -  .  .  ,  ,  i  nThOo’O 2AI2O3  catalysts  as 

precipitated  and  pro- 
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Table  3.  Activity  of  TI1O2-AI2O3  and  TI1O2-AI2O3-K2O  Catalysts  at  450 °C 

AND  300  ATM  OF  ICO  +  IH2  GAS 


Weight  Per  Cent 
of  Th02 

Method  of 
Catalyst 
Preparation 

Conversion, 
per  cent  of 

Grams  per  Cubic  Meter  of  CO  +  H2  Feed  Gas 

Liquid 

Hydro¬ 

carbons 

Alcohols 

Hydrocarbons 

A1203 

K2CO3 

CO 

h2 

In  Oil 
Layer 

In  Water 
Layer 

I-C4 

71-C4 

c3 

c2 

Ci 

0 

0 

a 

61 

47 

42.2 

8.6 

10.7 

22.7 

3.2 

10.9 

4.2 

11.1 

10 

0 

Coprecipitation 

59 

51 

32.8 

3.3 

12.6 

37.6 

5.4 

5.5 

2.7 

13.2 

20 

0 

Coprecipitation 

64 

60 

21.0 

1.2 

11.8 

47.2 

6.1 

4.8 

2.2 

26.9 

20 

0 

Separate  precipi- 

73 

67 

34.1 

1.0 

2.3 

60.5 

9.0 

8.6 

10.2 

14.8 

tation 

20 

0.2 

Separate 

72 

68 

34.9 

0.0 

1.2 

67.4 

10.1 

0.0 

8.6 

15.8 

20 

0.6 

Separate 

78 

75 

25.4 

0.0 

0.2 

84.6 

9.8 

0.0 

7.3 

21.5 

0  Fure  thoria. 


carbons  and  of  oil-soluble  alcohol.  Addition  of  potassium  carbonate 
further  increased  the  isobutane  yield.  The  liquid  product  from  the 
thoria  catalyst  containing  20  per  cent  alumina  and  0.6  per  cent  potassium 
carbonate  contained  about  40  per  cent  of  isopentane. 

As  shown  in  Table  4,  thoria-zinc  oxide  catalysts  yielded  a  larger  pro- 
poition  of  liquid  hydrocarbons  than  thoria-alumina  catalysts.  The 


Table  4  Activity  of  Th02-ZnO  Catalysts  at  450°C  and  300  atm  (10  l  of  End 
Gas  per  28  o  of  Th02  per  hr,  2-4-mm  Granules  of  Catalyst 


Catalyst, 

weight 

H2:CO 

Conversion, 

Grams  per  Cubic  Meter  of  CO  +  H2  Feed  Gas 

per  cent  of 

Method  of 

Ratio 

per  cent  of 

Catalyst 

in 

Liquid 

Alcohols 

Hydrocarbons 

Preparation 

Feed 

- — 

— 

Gas 

Hydro- 

Th02 

ZnO 

* 

CO 

H.. 

carbons 

In  Oil 

In  Water 

1-C4 

n-C  4 

- - 

Layer 

Layer 

+  c3 

c2 

Ci 

0 

100 

Na2C03  (aq)  to 

- — 

100 

Zn(N03)2  (aq) 

1.2 

38 

41 

0.0 

6.9 

23.1 

0 

Na2C03  (aq)  to 

1.9 

1.4 

2.0 

51 

75 

Th(N03)4  (aq) 

1.0 

61 

47 

42.2 

8.6 

10.7 

25 

Na2C03  (aq)  to 

22.7 

14.1 

4.2 

11.1 

75 

25 

nitrate  solution 
Nitrate  solution 

1.25 

70 

67 

30.7 

5.6 

10.1 

31.7 

14.5 

7.7 

22.3 

75 

to  Na*2C03  (aq) 

1.25 

74 

55 

50.3 

6.0 

8.9 

25 

Nitrate  solution 

26.9 

21.8 

6.1 

10.3 

to  Na2C(>3  (aq) 

0.88 

77 

69 

78.7 

2.6 

5.8 

19.3 

21.8 

4.6 

9.9 
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thoria-zinc  oxide  catalysts  were  prepared  by  precipitation  from  nitrate 
solutions  by  addition  of  sodium  carbonate.  The  mode  of  precipitation 
was  important  ,  particularly  the  order  in  which  the  nitrate  and  soda  solu¬ 
tions  were  mixed.  Catalysts  prepared  by  addition  of  the  boiling  nitrate 
solution  to  the  boiling  soda  solution  yielded  a  larger  proportion  of  liquid 
products  than  catalysts  prepared  by  addition  of  the  soda  solution  to  the 
nitrate  solution.  The  precipitated  thoria-zinc  oxide  was  washed  free  of 
excess  alkali,  dried  at  110°C,  and  heated  in  air  at  300°G. 

Thoria-chromium  oxide  catalysts  were  active  but  somewhat  less  so 
than  thoria-alumina  or  thoria-zinc  oxide.  Thoria-zinc  oxide-alumina 
catalysts  were  of  about  the  same  activity  as  thoria-zinc  oxide.  Zinc 
oxide-alumina  and  alumina-chromium  oxide  catalysts  were  much  less 
active  than  the  thoria  catalysts.  Addition  of  as  little  as  0.25  per  cent  of 
iron  to  thoria  resulted  in  a  very  large  production  of  methane.  Addition 
of  10  per  cent  of  silica  (kieselguhr  was  used)  to  a  thoria-alumina  catalyst 
increased  the  methane  production  to  about  three  times  that  of  the  silica- 
free  catalyst. 


EFFECT  OF  TEMPERATURE  ON  PRODUCT 
DISTRIBUTION,  USING  STANDARD  THORIA 
CATALYST,  150  ATM  PRESSURE  OF  ICO  + 

1II2  GAS 

Figure  1  shows  the  change  in  character  of  the  product  with  tempera¬ 
ture.  Below  375°  C  the  product  was  chiefly  alcoholic  in  nature,  ant 
above  500°C  the  proportion  of  gaseous  hydrocarbons  was  large  In  the 
range  375°-475°C  isoparaffins  constituted  the  major  portion  of  the  prod- 

uct. 


EFFECT  OF  PRESSURE  ON  PRODUCT  DISTRIBUTION, 
USING  STANDARD  THORIA  CATALYST  AT  4o0  C,  AND 

ICO  +  1H2  GAS 

Figure  2  shows  the  change  in  amount  and  character  of  the  prochud 
with  pressure.  Below  100  atm  the  total  yield  was  ow  being  ajmut  o0 

. a  •«.  1 
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the  effects  of  contact  time  and  pressure  the  data  shown  in  Table  5  were 
obtained.  It  is  apparent  from  inspection  of  Table  5  that  pressure  in¬ 
creased  the  rate  of  conversion  at  constant  contact  time.  Comparison  of 
the  results  in  the  third  and  fifth  rows  of  Table  5  shows  that  about  8  times 
more  CO  was  converted  at  600  atm  than  at  150  atm. 


Table  5.  Relative  Effects  of  Contact  Time  and  Pressure  on  Conversion 
at  Constant  Temperature  (450°C),  Using  Standard  Thoria  Catalyst 


Liters  of 

Contrac¬ 

Liters  of 

Average 

Relative 

CO  Con¬ 

Pressure, 

End  Gas 

tion, 

Feed  Gas 

Contact 

version, 

atm 

per  Hour 

per  cent 

per  Hour 

Time 

per  cent 

150 

10 

25 

13.4 

1.0 

46 

150 

5 

28 

6.95 

1.96 

53 

150 

2.5 

30 

3.57 

3.85 

58 

300 

10 

37 

15.9 

1.74 

65 

600 

10 

51 

20.4 

2.87 

83 

TWO-STAGE  OPERATION  AT  150  ATM,  450°C  WITH 
PRODUCT  CONDENSATION  BETWEEN  STAGES, 
USING  STANDARD  THORIA  CATALYST 

Data  for  a  two-stage  operation  are  contained  in  Table  6.  Two  labora¬ 
tory  reactors  were  operated  separately  under  the  conditions  shown  in 
the  first  two  rows  of  Table  6  until  a  steady  state  persisted  for  some  time. 


Table  6.  Two-Stage  Operation  w  ith  Product  Condensation  between  Stages, 
150  atm  Pressure  of  ICO  +  1.13H2  Gas,  450°C,  Standard  Thoria  Catalyst 


Reactor 

Number 

Feed  Gas, 

1  per  28  g 
Th02 
per  hr 

Con¬ 
traction, 
per  cent 

CO  Con¬ 
version, 
per  cent 

CO:H>, 

use 

ratio 

Grams  per  Cubic  Meter 
of  Feed  Gas 

Weight  Per  Cent  of 

Total  Oil  +  Cas 

C02 

H20 

Hydro¬ 

carbons 

Oil 

i-C4 

C3  + 

n-C4 

Ci  +  C2 

1 

2 

1  +  2 

Single  stage 
Row  2, 
Table  5 

11.4 

13.7 

6.0 

6.95 

28 

27 

45 

28 

55 

50 

75 

53 

1.29 

1.20 

1.05 

206 

194 

265 

24.6 

21.0 

44.0 

72.9 

67.9 
111.3 

45.2 

49.8 

35.6 

25.8 

27.8 
32.4 

14.5 

11.2 

14.8 

14.5 

11.2 

17.2 

Then  the  two  reactors  were  connected  in  series  through  a  refrigerated 
(  — 25°C)  liquid-gas  separator  under  150  atm  pressme,  *  neen 
reactors.  The  feed-gas  rate  to  reactor  I  was  kept  the  same  as  in  sing  e- 
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stage  operation,  whereas  that  to  reactor  II  was  replaced  by  the  off  gas 
from  reactor  I  plus  the  cold  separator.  The  space  velocity  of  the  two- 
stage  operation  was  close  to  that  of  the  single-stage  operation  shown  in 
the  second  row  of  Table  5,  and  comparison  of  these  data  with  those  for 
the  two-stage  operation  of  Table  G  shows  that  such  operation  resulted 
in  an  increase  in  CO  conversion  from  53  to  75  per  cent. 

Another  two-stage  experiment  at  150  atm  was  made  in  which  the  feed 
gas  contained  48.G  per  cent  CO  and  41.7  per  cent  H2,  and  the  tempera¬ 
tures  of  the  first  and  second  stages  were  different,  ie,  430°  C  and  470° C, 
respectively.  The  space  velocity  was  the  same  as  the  two-stage  opera¬ 
tion  of  Table  6.  A  hydrocarbon  yield  of  125.7  g  per  cu  m  of  feed  gas 

was  obtained;  37.6  per  cent  of  this  was  oil,  and  26.8  per  cent  was  iso- 
butane. 


RECYCLE  OF  6  VOLUMES  OF  END  GAS  PER  VOLUME  OF 
FRESH  GAS  AT  30  ATM  AND  475°C,  USING  THE 
STANDARD  THOR  I A  CATALYST 

In  a  test  of  the  effect  of  recycling  end  gas,  this  exit  gas  from  the  re- 
artoi-  was  passed  through  a  refrigerated  liquid-gas  separator  under  30 
atm  pressure  m  each  cycle.  Tail  gas  was  purged  at  the  rate  necessary 
-  “7*7  the  30  7”  Pressure  at  the  fresh  feed-gas  rate  given  in  Table 
hC  Change  m  ,he  use  ratio  "'hen  recycling  was  employed  was  large 

Table  7.  Recycle  of  6  Volumes  of  End  Gas  Pfr  Vnnmr  „„  v  ^ 

Pkk  Cent  CO,  48.0  Per  Cent  H2)  at  30  atm,  475°C,  Usxng  StaZI  Thor'  ! 

Catalyst 


Recycle 

Feed  Gas, 

1  per  28  g 
Th02  per 
hr 

Con¬ 

traction, 

CO  Con¬ 
version, 

CO:  H2, 
use 

Grams  per  Cubic  Meter 
of  Feed  Gas 

Weight  Per  Cent  of  Total 

Oil  +  Gas 

per  cent 

per  cent 

ratio 

C02 

H20 

Hydro¬ 

carbons 

Oil 

i-C4 

c3  + 

n-C4 

Gi  +  C2 

None 

6.1 

11.4 

12.4 

20.5 

29.0 

40.0 

32.4 

1.14 

0.67 

162 

73 

17.8 

67.4 

51.9 

52.6 

22.0 

35.8 

18.3 

26.2 

25.1 

19.1 

34.6 

18.8 

carbon  dioxide  productiL™^^  and  decreasing 

and  without  recycle  but  much  l  '  ,  as  a,)out  the  same  with 

in  the  recycle  operas  ^  -re  produced 
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ANALYSIS  OF  PRODUCTS  FROM  Th02-Al203  CATALYST 

The  products  from  the  iso  synthesis  conducted  at  300  atm  and  475°  C 
were  quantitatively  analyzed.  The  catalyst  was  thoria  containing  20 
per  cent  alumina,  prepared  by  separate  precipitation  and  mixing  of  the 
washed  precipitates  before  drying  and  heating  to  300° C.  The  tubular 
reaction  vessel  contained  G84  g  of  this  catalyst.  An  aluminum-block 
furnace  surrounding  the  tube  was  maintained  at  425°C.  The  cata¬ 
lyst  temperature  in  all  laboratory  experiments  described  above  (pp 
456-461)  was  close  to  that  of  the  aluminum  block.  In  this  test  with  a 
much  larger  mass  of  catalyst,  the  temperature  of  the  catalyst  was 
estimated  to  be  about  4/5°C.  Water  gas  was  passed  through  at  a  iat( 
such  that  205  1  of  end  gas  per  hr  was  obtained.  The  contraction  during 
a  13-day  period  was  42-38  per  cent;  the  CO  and  H2  conversions  were, 
respectively,  82-70  per  cent  and  74-65  per  cent,  lhe  product  distribu¬ 
tion  was  as  shown  in  Table  8. 


Table  8.  Products  from  ThO-.-Al.O3  at  300  atm  and  475°C 

Per  Cent 

Grams  per  Cubic  of  Total 
Constituent  Meter  of  Feed  Gas  Product 


Gasol 


Methane 

19.5 

1 .0 

Ethylene 

Ethane 

6.2 

1.3 

5.5 

Propylene 

Propane 

{-Butene 

7.8 

60.7 

{-Butane 

n- Butene 

3.5 

6.7 

n-Butane 

Oil  product 

C5  (about  40  per  cent  olefins) 

7.0 

A  C. 

C6  (about.  30  per  cent  olefins) 

4.5 

3.1 

C7  (about  25  per  cent  olefins) 

C8  (about  40  per  cent  olefins 
and  5  per  cent  aromatics) 

2.8 

>C8  (about  55  per  cent  olefins 
and  30  per  cent  aromatics) 

4.9 

Alcohols 

2.8 

Methanol 

Total 

137.3 

14.2 
0.7 

4.5 
1.0 
4.0 
5.7 

44.2 

2.5 
4.9 


5.1 

3.3 

2.3 

2.0 


3.6 


2.0 


100.0 
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of  90  per  cent  2-methyl  butane  (isopentane)  and  10  per  cent  n-pentane. 
The  C6  fraction  was  21  per  cent  of  the  sample  and  consisted  of  35  per 
cent  2-methylpentane,  16  per  cent  3-methylpentane,  and  49  per  cent 
2,3-dimethylbutane.  The  C7  fraction  was  10  per  cent  of  the  sample  and 
consisted  approximately  of  35  per  cent  2,4-dimethylpentane  and  65  per 
cent  of  a  mixture  of  2-methylhexane,  3-methylhexane,  and  2,3-dimethyl- 
pentane.  The  C8  fraction  was  5  per  cent  of  the  sample;  no  isomeric 
composition  of  this  fraction  was  given.  The  sample  contained  also  19 
per  cent  ol  naphthenes,  and  1 1  per  cent  of  hydrocarbons  of  molecular 
weight  above  C8. 


Kinetics  and  Reaction  Mechanism  of  the 
Fischer- Tropsch  Synthesis 


CHAPTER 

o 


The  kinetics  and  reaction  mechanism  of  the  Fischer-Tropsch  synthesis 
will  be  discussed  in  this  chapter.  Although  the  synthesis  has  been 
studied  rather  intensively  for  the  past  twenty-five  years,  many  aspects 
are  not  very  thoroughly  understood.  The  hypothesis  that  the  synthesis 
proceeds  through  formation  of  an  intermediate  metal  carbide  has  been 
popular  ever  since  it  was  suggested  by  Fischer  and  Tropsch  1  in  1926. 
Thus,  the  formation,  hydrogenation,  and  thermal  decomposition  of 
carbides  are  suitable  subjects  with  which  to  begin  this  chapter.  Then 
the  kinetics  of  the  hydrogenation  of  carbon  monoxide  to  hydrocarbons 
will  be  considered.  Since  the  mechanism  of  a  catalytic  reaction  must 
explain  the  type  and  distribution  of  products  as  well  as  the  kinetics  ot 
the  reaction,  the  section  on  reaction  mechanism  is  preceded  by  a  de¬ 
scription  of  the  products  of  the  synthesis. 

Formation  and  Hydrogenation  of  Carbides  and  Free  Carbon 

The  carbides  of  interest  to  this  discussion  are  Ni3C,  Co2C,  Fe3C, 
Fe2C  (Hagg),  and  Fe2C  (hexagonal).  All  these  may  be  classed  as  un¬ 
stable  non-ionic  (interstitial)  carbides.2  These  carbides  are  hard  to  de¬ 
termine  analytically  because  of  the  difficulty  of  distinguishing  between 
carbidic  carbon  and  free  carbon  or  other  carbonaceous  material.  Ex¬ 
perimental  methods  are  as  follows: 


Chemical  analysis 

Total  carbon.  This  may  be  determined  from  changes  in  weight  of  the 
sample,  by  weight  of  products  formed,  or  by  combustion  analysis  ol  the 

sample. 


i  F.  Fischer  and  II.  Tropsch,  Brennstoff-Chern  7,  97  (!926). 

a  For  a  classification  of  carbides  and  a  review  of  literature  to  1944,  see  L.  J.  E.  Hofer, 

JJ  S  Bur.  Mines  Rept.  Invest.  3,770  (1944),  p  20. 
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Determination  of  carbidic  and  free  carbon 

1.  Selective  hydrogenation.  Many  carbides  can  be  hydrogenated  at 
temperatures  about  100°C  lower  than  that  required  for  free  carbon;  for 
example,  Co2C  is  rapidly  hydrogenated  at  200°  C,  while  free  carbon  is 
not  appreciably  hydrogenated  below  300°  C. 

2.  Reaction  with  aqueous  acid  solutions.  Many  carbides  react  with 
acids  to  form  methane  while  free  carbon  remains  as  a  residue.  It  is  un¬ 
certain  how  completely  some  carbides  are  converted  to  methane  when 
dissolved  in  acids.  Some  carbides  may  decompose  to  form  carbon  as 
well  as  methane. 

X-ray  diffraction  analysis 

This  method  has  been  discussed  in  some  detail  on  p  40  (Chapter  2). 
Phase  identification  and  at  least  semi-quantitative  analysis  of  carbide 
phases  are  possible  from  x-ray  diffraction  patterns.  This  method  gives 

no  direct  estimation  of  the  amount  of  free  carbon  in  the  quantities  usually 
found. 


Magnetic  methods 

Magnetic  analysis  of  Fischer-Tropsch  catalysts  usually  involves  the 
ld^bftlon  of  Cune  Points  of  ferromagnetic  phases  as  described  on 
p  4/  (C  hapter  2) ;  the  method  is  particularly  suitable  for  the  study  of  iron 
catalysts.  The  accuracy  of  this  method  of  analysis  is  greater  than  that 
ot  the  x-ray  difiraction  method. 


NICKEL  CARBIDE,  Ni3C 

X-ray  diffraction  studies  have  shown  that  nickel  carbide,  Ni,C  has 
a  hexagonal  close-packed  structure.*  Ni3C  is  not  ferromagnetic  Bahr 
and  Bahr  studied  the  carburization  of  nickel  with  carbon  monoxide 
The  curves  for  the  increase  of  carbon  content  as  a  function  of  time  of 
ai  xu ization  were  of  two  classes-  Below  270°C  tiu>  f  . 

slower  and  relatively^ constant  fa  e  T**’  f0"°Wed  *  a 

that  of  Ni3C.  On  hydrogenation  at  180°C  the  eXCeedod 

carburized  below  270°C  was  corrmW  l  ’  G,  caibon  111  the  sample 
tion  of  a  sample  “  Mmgenn- 

per  cent  removed  only  an  ™ 

* »•  ***  ■ '"ad £ ZiiX:,  361  <1933)' 
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carbon  of  the  sample  carburized  below  270°  C  was  completely  converted 
to  methane  when  the  sample  was  dissolved  in  acids.  When  the  sample 
carburized  above  285° C  to  a  carbon  content  greater  than  6.37  per  cent 
was  dissolved  in  acid,  only  carbon  equivalent  to  Ni3C  was  converted  to 
methane,  the  rest  of  the  carbon  remaining  as  a  black  residue.  Thus, 
carburization  below  270°C  formed  only  the  carbide  Ni3C,  while  Ni3C 
and  free  carbon  were  produced  above  285°C.  Carburization  above 
420°C  produced  large  quantities  of  free  carbon  and  very  little  carbide. 

Tebboth  5  studied  the  decomposition  of  carbon  monoxide  on  Ni,  Ni- 
kieselguhr,  Ni-Th02,  and  Ni-Th02-kieselguhr  catalysts  at  250°-450°C. 
At  all  temperatures  in  this  range  the  pure  nickel  catalyst  was  quite  in¬ 
active.  At  250°C,  the  order  of  activity  from  greatest  to  least  was  Ni- 
Th02-kieselguhr,  Ni-kieselguhr,  Ni-Th02,  and  Ni.  At  this  temperature 
the  rate  of  total  carbon  deposition  was  high  initially  and  then  decreased 
to  constant  and  somewhat  lower  values.  W ith  all  except  the  pine  nickel 


catalyst,  more  carbon  than  that  equivalent  to  Ni3C  was  deposited.  At 
higher  temperatures  the  reactivity  of  all  except  the  pure  nickel  catalyst 
was  great  enough  so  that  almost  all  the  entering  carbon  monoxide  re¬ 
acted,  and  hence  no  significant  difference  could  be  found  in  the  rates 
of  carbon  monoxide  consumption.  The  percentage  of  carbide  in  the  Ni- 
ThOo-kieselguhr  catalyst  was  100  at  250°  C,  dropping  to  about  30  pei 
cent  "at  450°C.  Tebboth  did  not  determine  the  surface  areas  ot  Ins 
catalysts,  but  from  surface  areas  of  similar  nickel  and  cobalt  catalysts 
(pp  72  and  67,  Chapter  2)  it  may  be  inferred  that  most  of  the  en¬ 
hanced  activity  of  the  promoted  and/or  supported  catalyst  for  both 
carbide  and  free-carbon  formation  was  due  to  their  greater  surface  areas. 
It  should  be  noted  that  these  catalysts  carburized  at  a  much  greater 

rate  than  the  samples  of  Bahr  and  Bahr.4  . 

Chakravarty  and  Chakravarty  6  stated  that  traces  oi  potassium  ca- 
bonate  accelerate  the  rate  of  formation  of  free  carbon  on  nickel  cata¬ 
lysts. 


COBALT  CARBIDE,  Co2C 


B-.hr  and  .lessen  7  studied  the  carburization  of  cobalt  metal  with 
Bahr  and  Jessen  with  nickel,  the  carburization  curves 

carbon  monoxii  e  Below  230°C,  the  carbon  con- 

were  of  two  types  as  shown  m  g .  to  the  formula  Co2C. 

A6,"™' an ^  a  K  VeP  th  carbon  content  increased  rapidly  initially  1 
^  H.  A.  Bahr  and  V.  Jessen,  Ber.,  63B,  2,226  (1930). 
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stunt  rate.  Hydrogenation  at  250°-30()°C  of  a  sample  carburized  at 
250°C  removed  almost  all  the  carbon.  Carburization  at  2G0°C  and 
above,  if  continued  sufficiently  long,  deposited  more  than  9.24  per  cent 
carbon,  and  hydrogenation  at  2o0°-300°C  removed  only  9.0  per  cent  or 
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removable  by  hydrogen  below  300° c”  * mpeiature-  rhus»  the  carbon 
carbon.  The  remaMer  0f  the  "  h,  T  aSSUmcd  ‘°  be  chiefly  carbidic 
be  hydrogenated  above  332°C  "  ^piesumably  free  carbon)  could 

1.  ^Te^fs^e~wUri^  “  tW°  «  *own  in  Table 
be  samples  were  carburized  at  22o°C  until  varying 
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amounts  of  carbidic  carbon  had  been  deposited.  In  the  second  stage 
the  samples  were  carburized  at  temperatures  above  250°  C  until  they 
contained  considerably  more  carbon  than  that  corresponding  to  Co2C. 
Then  the  samples  were  hydrogenated  at  245°  C  to  determine  the  amount 
of  carbidic  carbon  present.  When  the  temperature  of  the  second  car¬ 
burization  was  300° C  or  lower,  about  9.0  per  cent  carbon  was  removed 

Table  1.  Two-Stage  Carburization  of  Cobalt0 


Sample 


First  Carbon  Monoxide 
Treatment 


Temper¬ 

ature, 

°C 


Time, 

hr 


Carbon, 
per  cent 


Second  Carbon  Monoxide 
Treatment 


Carbon  Removed  by 
Hydrogenation 


Carbon,  per  cent 


Temper¬ 

ature, 

°C 


Time, 

hr 


Total 
Carbon, 
per  cenC 


Tem¬ 

pera¬ 

ture, 

°C 


From  From 

Weight  Methane 


31M 

225 

606 

51B 

226 

45 

38B 

225 

140 

40B 

226.5 

47 

55B 

225 

203 

39B 

227 

936 

60B 

227 

276 

41B 

226 

381 

Loss 


Determination 


7.73 

3.17 

7.38 

5.59 

7.92 

8.12 

9 

7.87 


250-258 

280 

283 

294 

300 

315.5 

328 

520 


200 

9.13 

244 

64 

20.7 

243 

133 

16 . 25 

246 

46 

14.85 

244 

45 

16.52 

243.5 

45 

34.96 

246.5 

43 

—  51 .7 

245 

10-20 

37.0 

245.5 

8.92 

7.83 

9.12 

8.80 

8.82 

0.36 

0.32 

0.2 


9.00 

8.38 

9.28 

9.03 

9.33 

0.23 

0.29 

0.2 


“  H.  A.  Bahr  and  V.  Jessen;  see  reference  7. 

6  Total  carbon  present  in  the  sample  after  the  first  and  second  carbon  monox.de  treatments. 


by  hydrogenation,  but  when  the  temperature  of  the  second  carburiza¬ 
tion  was  above  300° C,  the  carbon  removed  by  hydrogenation  was  only 
0  2-0.3  per  cent.  Thus,  above  300°C,  the  thermal  decomposition  ot 
cobalt  carbide  must  be  more  rapid  than  carbide  formation. 

Hofer  and  Peebles  8  presented  the  x-ray  diffraction  pattern  of  C  o2C 
prepared  by  carburizing  a  cobalt  metal  powder  Their  gravimetric  data 
(Table  2)  are  in  general  agreement  with  those  ol  Bahr  and  Jessen. 
carbide,  Co2C,  had  an  x-ray  diffraction  pattern  that  was  distinct  from 
I  hat  of  either  o-  or  /3-cobalt.  This  carbide  pattern,  which  was  observed 
in  all  samples  carburized  below  290°C,  disappeared  on  hydrogenation. 

Hofer  and  Peebles  »  made  x-ray  diffraction  studies  of  carta  z 
bait  catalysts  having  the  following  composition:  Cata^ysWOSB  C  . 
ThOo-kieselguhr  =  100:18:100;  and  catalyst  89Iv,  Co.ihUs.Mgt 
kieSguhr  =  100:6:12:200.  The  raw  catalysts  were  reduced  m  hy- 

.  L.  J.  E.  Hofer  and  W.  C.  Peebles,  J.  M  Ctoi. See -  69,  S»5  (1947). 

9  L  J.  E.  Hofer  and  W.  C.  Peebles,  ibid.,  69,  2,497  (1947). 
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Table  2.  X-ray  Studies  of  Carburized  and  Hydrogenated  Cobalt  ° 


Carburization 

Hydrogenation 

Experi¬ 

ment 

Tem¬ 

pera¬ 

ture, 

°C 

Time, 

hr 

Total 
Carbon, 
per  cent 

Tem¬ 

pera¬ 

ture, 

°C 

Time, 

hr 

Carbidic 
Carbon, 
per  cent 

11 

Original  reduced  sample 

218 

136 

2.77 

218 

1,634 

9.07  6 

218 

1,634 

9.13  6 

218 

149 

8.50 

17 

Original  reduced  sample 

243 

93 

6.29 

243 

448 

10.69  6 

243 

448 

9.14  b 

243 

93 

3.94 

18 

266 

20 

5.33 

266 

64 

16.92 

266 

341 

39.27 

c 

266 

341 

41.02  b 

266 

44 

7.72  0 

16 

Original  reduced  sample  a 

292 

47 

5.33 

292 

112 

36.51 

292 

205 

60.21 

a 

19 

390 

7.8 

21.0 

390 

12.7 

32.64 

a 

390  . 

24.3 

46.39  6 

a 

390 

24.3 

47.27  b 

292 

31.4 

a 

0.00  a 

X-ray 

Diffraction 

Analysis 


*-Co 


a-Co,  Co2C 

Co2C 

a-Co 


a- 


-Co 


x-Co 


C 


x-Co 


x-Co, 


C 

C03O4, 


•  reeDies;  see  reterence  8. 

In  each  experiment  four  tubes  of  mh-ih  1 

under  identical  conditions.  One  tube  was  removedT  ^UCcA  at  1  h?  Same  time  and 
three  were  carburized.  After  each  statre  of  1  •  .X'ray  analysis  and  the  other 

the  tubes  was  removed  forZrly ^anal^  Th  ^  °D  7  h^nation,  one  of 
in  per  cent  carbon  that  are  observed!  ‘  ^  aCC°Unts  for  the  slight  differences 
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Figure  6-2.  Carburization  of  cobalt-thoria-magnesia-kieselguhr  catalyst  89K  with 
carbon  monoxide  and  its  subsequent  hydrogenation  at  210°C.  Reproduced  by  per¬ 
mission  from  reference  9. 


Cobalt  Carbide,  Co>C 
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drogen  at  400°C,  carburized  in  carbon  monoxide  at  208°C,  and  hydro¬ 
genated  at  208°C.  The  catalyst  composition  was  determined  at  each 
stage  by  x-ray  diffraction  analysis  and  change  in  weight.  In  Figures  2 
and  3  are  shown  carbon  content-time  curves  for  carburization  and  hy¬ 
drogenation  of  catalysts  89K  and  108B.  The  carbon: cobalt  ratio  of 
catalyst  108B  closely  approached  that  of  Co2C  (0.1015),  while  the  car¬ 
bon:  cobalt  ratio  of  89K  approached  0.137. 

The  reduced  catalyst  gave  diffuse  x-ray  diffraction  patterns  of  dis¬ 
ordered  layer  structure  cobalt,  and  after  carburization,  the  pattern  of 


k2°'  hydrogenation  of  the  carbide,  the  pattern  of  c-cobalt  was 

observed.  The  metastable  disordered  cobalt  was  converted  to  taWe 
o-cobalt  by  the  formation  and  hydrogenation  of  Co  C  T  „  , 

hydrogenation  of  the  carbide  !  °!  C°2C'  Tlle  rate  of 

Co2C  was  removed.  With  catalvst  89K  P"  a'K  ,c'l'l>un  equivalent  to 
removed  by  hydrogenation  at  2<)S°C this" wm  «  u-  iVTh ' T  "0t 
excess  of  Co2C,  and  was  presumably  free  carbon  The  ^  7  i™  “ 
bur, sat, on-hydrogenation  can  be  repeated  n,™  r' ^  ®  °  Ca‘" 

major  change  in  the  rate  or  evtpm  ^  •  any  tlmes  wlthout  any 

4.  The  amount  of  fret  cm'bonTn  Ca.''bumati<»,  «  shown  in  Figure 
The  rates  of  carburization  of  T"''  ^ 

greater  than  that  of  the  cobalt  meta,  powd^T^  ntu^S 
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XT  Carburization  of  a  cobalt-thoria-kieselguhr  catalyst  with  carbon  mon- 

2kle  in  the  temperature  range  208°-298"C.  Reproduced  by  permission  from  re  er- 

ence  11. 
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since  the  surface  areas  of  the  reduced  catalysts  108B  and  89K  were 
32.4  and  62.7  sq  m  per  g,  respectively,  as  compared  with  3.2  sq  m  per  g 
for  the  cobalt  metal  powder.10 

Data  of  Hofer,  Peebles,  and  Bean  11  in  Figure  5  illustrate  the  two  types 
of  carburization  curves  for  cobalt  catalysts.  Below  243°C  the  weight 
ratio  of  carbon  to  cobalt  approached  as  a  limit  a  value  equal  to  or 
slightly  greater  than  that  of  Co2C,  and  these  samples  gave  the  x-ray 
diffraction  pattern  of  Co2C.  Above  243°C,  the  curves  increased  ap¬ 
proximately  linearly  after  20  hr,  and  the  final  carbon: cobalt  ratio  was 
as  much  as  8  times  the  value  equivalent  to  Co2C.  The  samples  car¬ 
burized  at  258°  and  278°C  gave  x-ray  diffraction  patterns  of  disordered 
cobalt  and  cobalt  carbide,  and  the  sample  carburized  at  298° C  gave  the 
pattern  of  disordered  cobalt  but  no  carbide  pattern.  Table  3  presents 

Table  3.  Carbon  Deposition  on  Cobalt-Thoria-Kieselguhr  Catalyst  ° 

(Catalyst  reduced  at  400  °C  in  H2.) 


Carbon  Monoxide 
Treatment 


Carbon: Cobalt  Ratio 


Temperature,  Time,  Total  Carbidic  Recarbided 

°c  hr  Carbon  Carbon  b  Carbon e 


298 

278 

258 

243 

233 

208 


112  0.120  0.099 

121  0.104  0.104 


62  0.820  0.017 

15  0.435  0.054 

78  0.352  0.063 

71  0.138 


0.99 


0.089 


0.008 


treatment 


10  See  Table  5  of  Chapter  2. 

11  L.  J.  E.  Hofer,  W.  C.  Peebles,  and  E.  H.  Bean,  J.  Am. 


m.  Chem.  Soc.,  72,  2698  (1950). 
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the  samples  were  recarbided  at  2‘20°C,  after  the  hydrogenation.  The 
samples  that  were  initially  carburized  at  258°  C  and  below  gained  an 
amount  of  carbon  equivalent  to  Co2C,  but  the  sample  initially  car¬ 
burized  at  298°C  gained  less  than  10  per  cent  of  the  carbon  equivalent 
to  Co2C.  Thus,  carburization  at  298°C  poisoned  the  catalyst  for  sub¬ 
sequent  carbide  formation  at  220°  C. 

To  check  the  validity  of  the  hydrogenation  method  of  analyzing  for 
carbidic  carbon,  Ilofer,  Peebles,  and  Bean  11  studied  the  hydrogenation 
of  a  carburized  cobalt-thoria-kieselguhr  catalyst.  The  reduced  catalyst 
was  carburized  with  carbon  monoxide  for  122  hr  at  258° C  to  a  carbon: co¬ 
balt  ratio  of  0.2554  and  was  then  hydrogenated  at  180°C  until  there  was 
no  further  weight  loss  (111  hr).  Carbon  equal  to  a  carbon : cobalt  ratio 
of  0.0841  was  removed.  After  this  treatment  the  sample  was  hydro¬ 
genated  at  210°C  to  constant  weight,  and  in  a  similar  manner  at  suc¬ 
cessively  higher  temperatures,  as  shown  in  Figure  6,  the  length  of  each 
hydrogenation  varying  from  45  to  159  hr.  After  1 15  hr  at  400°C,  carbon 
corresponding  to  a  carbon: cobalt  ratio  of  0.0080  remained.  Below 
210°C,  carbon  approximately  equivalent  to  Co2C  was  removed.  Then, 
no  sizable  amount  of  carbon  was  removed  until  270°C.  The  amount  ot 
carbon  removed  increased  to  a  maximum  at  300°  C,  and  96  per  cent  ot 
the  carbon  had  been  removed  by  400° C.  This  demonstrates  that  the 
hydrogenation  analysis  is  satisfactory  tor  cobalt  catalysts:  carbidic 
carbon  is  removed  below  210°  C  and  free  carbon  at  270  C  and  above. 

Hofer,  Cohn,  and  Peebles  12  studied  the  isothermal  decomposition  of 
cobalt  carbide  in  carburized  catalyst  108B  by  a  magnetic  method.  The 
catalyst  was  reduced  completely  and  carburized  to  greater  than  90  per 
cent.  In  the  decomposition,  non-ferromagnetic  Co2C  with  a  small  mag¬ 
netic  moment  is  converted  to  ferromagnetic  cobalt  metal  with  a  high 
magnetic  moment,  and  the  observed  magnetic  moment  is  proportional 
to  the  extent  of  decomposition  of  the  carbide.  The  thermal  decomposi¬ 
tion  occurred  with  the  sample  in  place  in  the  magnetic  balance.  7  s 
shown  in  Figure  7,  the  carbide  decomposed  slowly  at  300  C,  and  tie 
rate  increased  to  a  great  extent  with  temperature.  In  the  range  80  2o 
per  cent  cobalt  carbide,  the  decomposition-time  curves  were  linear  the 
reaction  being  of  apparent  zero  order.  An  apparent  overall  act.vat.on 
energy  of  54.3  kcal  per  mole  was  computed  lor  this  zero  oidei  la  g  • 

Anderson,  Hall,  Krieg,  and  Seligman  “  studied  the s  effect ■  « 
burization  and  hydrogenation  on  the  surface  area  ot  cobalt-tho 

1.  L.  J.  E.  Hofer,  E.  M.  Cohn,  and  W.  C.  Peebles,  J.  Phy*.  &  Colloid  Chem.,  63, 

mu  R9B9  Anderson,  W.  K.  Hall,  A.  Krieg,  and  B.  Mgman,  J.  Am.  Chem.  So c.  71, 
183  (1949). 
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TEMPERATURE, °c 


Figure  6-6.  Hydrogenation  of  carbon  from  a  carburized  cobalt  catalyst  at  in¬ 
creasing  temperatures.  Sample  hydrogenated  to  constant  weight  at  each  tempera- 
tuie.  Reproduced  by  permission  from  reference  11. 
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kieselguhr  catalyst  108B,  as  summarized  in  Table  4.  Carburization  and 
hydrogenation  at  208°  and  235°  C  did  not  change  the  total  area  sig¬ 
nificantly.  The  fraction  of  cobalt  in  the  surface  of  the  carburized  cata¬ 
lysts  (1-C  and  2-C),  as  indicated  by  chemisorption  of  carbon  monoxide 


Table  4.  Effect  of  Carburization  and  Hydrogenation  on  the  Surface 

Area  of  Cobalt  Catalyst  108B  ° 

(All  data  per  gram  of  unreduced  catalyst.) 


Num¬ 

ber 

Treatment 

Weight 
Change 
on  Treat¬ 
ment, 

mg  per  g 

Per  Cent 
Carbon, 
Based 
on  Co2C 

Surface 
Area, 
sq  m 

per  g 

Vm,e 

cc  per 

g 

vCo.d 

CC 

per  g 

V  CO 

vm 

SVH  b 

Gas 

Tem¬ 

pera¬ 

ture, 

°C 

Time, 

hr 

Original  catalyst 

71.6 

16.3 

0.0 

1-R 

3,000 

h2 

360 

2.0 

-230.0 

0.0 

32.6 

7.44 

3.00 

0.403 

1-C 

100 

CO 

208 

15.5 

+  34.4 

112.0 

31.5 

7.18 

0.94 

0.131 

2-R 

100 

h2 

208 

16.0 

-  34.7 

6.1 

30.1 

6.88 

1.44 

0.209 

2-C 

100 

CO 

235 

12.5 

+  32.9 

114.5 

59.5 

+  5.1 

130.1 

32.0 

7.32 

0.78 

0.107 

3-R 

100 

H> 

208  e 

12.5 

-  33.4 

30.5 

31.2 

7.12 

30.7 

-  0.4 

29.3 

31.3 

7.14 

0.85 

0.119 

3-C 

100 

CO 

275 

16.0 

+  127.4 

418.2 

50.6 

11.54 

1.30 

0.113 

4-R 

100 

H> 

208 

18.0 

-  7.1 

398.0 

50.0 

11.40 

1.29 

0.113 

4-C 

100 

CO 

208 

16.0 

+  8.1 

423.5 

50.8 

11.59 

1.05 

0.091 

5-R 

3,000 

h2 

360 

2.0 

-  35.3 

319.0 

51.4 

11.74 

1.30 

0.111 

5-C 

100 

CO 

208 

17.3 

+  10.6 

354.8 

52.2 

11.92 

6-R 

3,000 

h2 

360 

22.0 

-  45.1 

216.5 

.... 

64.0 

-  19.8 

156.1 

46.8 

10.7 

1.48 

0.138 

157.3 

-  20.4 

93.8 

296.3/ 

-  28.1 

7.8 

35.2 

8.03 

1.99 

0.248 

6-C 

100 

CO 

208 

18.0 

+  18.0 

72.3 

a  R  b.  Anderson,  W.  K.  Hall,  A.  Krieg,  B.  Seligman;  see  reference  13. 
h  Space  velocity  per  hr  [volumes  of  gas  (STP)  per  volume  of  catalyst  per  hr]. 
c  Volume  of  nitrogen  necessary  to  form  a  monolayer. 
d  Volume  of  chemisorbed  carbon  monoxide  at  -  195°C. 

•  Temperature  controller  failed  and  temperature  rose  to  250°C  for  a  short  period. 

/  Temperature  controller  failed  and  temperature  rose  to  450°C  in  part  of  this  period. 


at  —  195°C,  was  less  than  half  as  much  as  on  the  hydrogenated  cata¬ 
lysts  (1-R  and  2-R).  On  reduction  (2-R)  the  amount  of  chemisorbed 
carbon  monoxide  increased  but  was  still  less  than  1-R.  Carburization 
at  275° C,  which  deposited  4  times  as  much  carbon  as  that  in  Co2C,  in¬ 
creased  the  surface  area  considerably.  Most  of  the  gam  m  weight  was 
free  carbon,  since  only  a  small  fraction  was  removable  by  hydrogenation 
(4  R)  Carburization  (4-R)  at  208°C  indicated  that  the  catalyst  was 
“poisoned”  for  the  formation  of  carbide,  as  also  observe  ?y 
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Peebles,  and  Bean.11  Reduction  (6-R)  at  360°C  removed  nearly  all  the 
carbon  and  decreased  the  surface  area  to  nearly  that  of  the  original  re¬ 
duced  catalyst.  Reduced  catalyst  (G-R)  chemisorbed  more  than  twice 
as  much  carbon  monoxide  as  after  reduction  (5-R),  but  still  less  than 
1-R.  The  remaining  carbon,  equivalent  to  7.8  per  cent  C02C,  prevented 
the  catalyst  from  being  fully  carbided  at  208°C  (6-C). 

Thus  carbidic  carbon  does  not  change  the  total  surface  area  but  de¬ 
creases  the  amount  of  carbon  monoxide  chemisorbed  at  —  190°C.  Free 
carbon  increases  the  total  area  considerably  and  decreases  the  amount 
of  chemisorbed  carbon  monoxide.  Free  carbon  inhibits  the  formation  of 
carbide. 


CARBIDES  OF  IRON 


Bahr  and  Jessen  14  studied  the  carburization  of  both  iron  and  iron 
oxide  with  carbon  monoxide.  With  cobalt  and  nickel  there  is  no  tend¬ 
ency  to  oxidize  the  metal  in  carburization  with  carbon  monoxide,  but 
with  iron  some  oxide  is  usually  found  whether  the  starting  material  is 
metal  or  oxide.  The  carburized  catalysts  were  analyzed  by  hydrogen 
treatment  and  determination  of  the  amounts  of  methane  and  water 
produced.  Samples  of  iron  oxide  that  were  treated  with  carbon  monoxide 
tor  more  than  400  hr  were  reduced  and  carburized  to  a  considerable  ex¬ 
tent  and  contained  23-32  per  cent  carbon  and  about  3.5  per  cent  oxide. 
Hydrogenation  at  257°C  removed  9.2  and  9.5  per  cent  carbon,  approxi¬ 
mately  the  equivalent  of  Fe2C. 


Samples  of  iron  oxide  were  completely  reduced  in  hydrogen  at  290°C, 
carburized  with  carbon  monoxide  at  various  temperatures,  and  analyzed 
by  hydrogenation  as  shown  in  Table  5.  The  iron  was  not  oxidized  at 
carburization  temperatures  less  than  330°C.  Oxidation  can  occur  if  the 
carbon  dioxide: carbon  monoxide  ratio  exceeds  the  equilibrium  constant 
tor  the  oxidation  of  iron  with  carbon  dioxide  (Table  17,  Chapter  1). 
1  he  carbon  removable  by  hydrogenation  at  290°C  of  the  samples  of 
a  Die  o  varied  from  7.1  to  8.2,  less  carbon  than  that  in  Fe2C  but  more 

4.lFe3TC,  A1"?°st  a11  th(f  carbon  was  removed  by  hydrogenation  at 
•  e  authors  stated  that  iron  oxide  reduced  at  247°  and  262°C 

2o?op  CTubUriZ.ld  ‘°  f"  amount  e<luivalcnt  to  Fe2C  in  200-300  hr  at 
•  •  lius,  these  data  indicate  the  formation  of  a  carbide  apnroxi- 

matms  the  composition  Fe2C,  but  the  evidence  is  not  conclusive 

27“'lndn3n20»nc  Th  “  iron  oxide  with  “rbon  monoxide  at 

,ar  ,  The  x'ray  dltf>'action  pattern  of  these  samples  eon 
mod  Imes  of  magnetite,  of  cementite,  and  of  a  substance  obtained  by 

"  "•  :4.'  (I!ahr  and  v-  H";  66B,  1,238  (1933). 

U.  Hofmann  and  E.  Groll,  Z.  anorg.  u.  allgem.  Chem.,  191,  414  (1930). 
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Brill  and  Mark  16  by  thermal  decomposition  of  Fe(CN)2.  This  led  Bahr 
and  .lessen  14  to  postulate  that  their  samples  carburized  above  240°C 
contained  Fe3C  as  well  as  Fe2C.  Material  having  approximately  the 


Table  5.  Formation  and  Hydrogenation  of  Carbide  in  Reduced  Iron  ° 


Reduction 

Carbon  Monoxide  Treatment 

Analysis,  per  cent 

Tem¬ 

pera¬ 

ture, 

°C 

Iron  as  Fea04 
from 

Tem- 

Carbon  from 

Residual 

Carbon, 

Time, 

hr 

Time, 

hr 

pera- 

ture, 

°C 

1 

per 

g 

Composition, 

g 

Weight 

Loss 

Minus 

Carbon 

Water 

pera- 

ture, 

°C 

Methane 

Weight 

Loss 

Minus 

Oxygen 

mg 

497 

292 

994 

240 

0.8 

j 1.4235  Fe 
\o. 1440  C 

0 

291 

322 

446 

7.43 

7.62 

9.12 

5.6 

486 

290 

350 

273 

0.8 

J 1.5181  Fe 
\0. 1993  C 

0 

291 

318 

401 

7.75 

7.92 

11.66 

4.1 

190 

290 

65 

324 

0.8 

J 0.9950  Fe 
10.2288  C 

0 

291 

322 

446 

7.65 

8.08 

19.44 

0.4 

200 

291 

93 

333 

0.5 

1.5 

f 1.5682  Fe 
\o.  6338  C  +  O 

4.45 

2.04 

287 

316 

483 

8.23 

8.23 

29.0 

8.02 

8.10 

29.0 

5.5 

143 

291 

1.6 

354 

1.5 

f  1.458  Fe 
\0. 1234  C  4-0 

0.68 

1.22 

280 

317 

483 

7.12 

7.12 

8.05 

7.07 

7.15 

7.92 

0.9 

206 

290 

441 

362 

0.8 

( 1 . 8080  Fe 
\l.  1017  C  4-0 

7.36 

7.39 

291 

322 

450 

7.75 

7.72 

38.7 

7.40 

38.7 

3.1 

“  H.  A.  Bahr  and  V.  Jessen;  see  reference  14. 


composition  of  Fe2C  but  a  different  x-ray  diffraction  pattern  was  ob¬ 
tained  by  Hiigg  11  from  carburization  of  reduced  iron  with  carbon  mon¬ 
oxide  at  225° C  and  by  Jack  18  from  the  action  of  carbon  monoxide  on 

iron  nitride. 

is  R.  Brill  and  H.  Mark,  Z.  physik.  Chem.,  133,  443  (1928). 

K.  “jack,'  Proc.  no,a,  So,  195A,  34,  41,  and 

56  (1948). 
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Captured  German  documents  contain  reports  of  Herbst  and  Halle  19 
and  Pichler  and  Merkel 20  describing  studies  of  the  iron  carbides  of 
formula  Fe2C.  However,  these  data  were  difficult  to  compare  since  the 
former  investigators  studied  the  carbides  by  x-ray  diffraction  and  the 
latter  by  magnetic  methods.  Hofer,  Cohn,  and  Peebles  21  studied  the 
Fe2C  carbides  with  both  x-ray  and  magnetic  methods  and  have  shown 
that  there  are  two  Fe2C  carbides.  The  first,  presumably  the  hexagonal 
carbide  of  Herbst  and  Halle,19  is  the  same  as  that  of  Hofmann  and 
Groll  15  and  has  a  Curie  Point  of  380°C.  The  second,  the  Hagg  carbide, 
is  the  carbide  of  Pichler  and  Merkel,  with  a  Curie  Point  of  247°-26o°C. 

Documents  from  the  I.G.  Farben.19  contain  reports  of  work  of  Herbst, 
Halle,  and  Brill,  describing  x-ray  studies  of  used  iron  Fischer-Tropsch 
catalysts.  These  reports  state  that  x-ray  diffraction  lines  of  the  hex¬ 
agonal  carbide  were  always  found  in  inducted  or  used  precipitated 
Fe-Cu-Al203-K20  and  Fe-Cu-MgO-K20  catalysts,  while  similar  fused 
and  calcined  copper-free  catalysts  gave  diffraction  lines  of  the  Hagg 
carbide.  In  1942,  Herbst  reported  that  the  hexagonal  carbide  was 
found  in  copper-free  catalysts  that  had  been  used  in  the  synthesis  at 
relatively  low  temperatures.  A  used  Fe-Al203-Ca0-K20  catalyst  pre¬ 


sumably  tested  at  low  temperatures  contained  principally  the  hexagonal 
carbide  and  small  amounts  of  Hagg  carbide.  This  sample  was  extracted 
with  benzine,  evacuated,  and  then  heated  to  various  temperatures. 
Heating  at  275  and  290  C  for  3  hr  resulted  in  some  decomposition  of 
hexagonal  carbide  to  Hagg  carbide.  The  hexagonal  carbide  was  com¬ 
pletely  transformed  to  Hagg  carbide  in  3  hr  at  330°C.  With  catalysts 
containing  6-7  per  cent  ol  copper,  the  hexagonal  carbide  was  noticeably 
decomposed  at  350°-400°C  and  completely  transformed  to  Hagg  carbide 
m3  hr  at  430°-450°C.  The  hexagonal  carbide  in  a  catalyst  containing 

2  '  Per  cent  of  C0Pper  was  completely  transformed  to  Hagg  carbide  in 

3  hr  at  350°-400°C.  Thus,  the  thermal  stability  of  the  hexagonal  car¬ 
bide  increased  with  increasing  amounts  of  copper. 

The  dissertation  of  Merkel 20  describes  work  directed  by  Pichler  at 
the  Kmscr  Wilhelm  Institut  fur  Kohlenforschung.  The  first  portion 

: ‘hec  ;rr,on  ?^s  the  fo,matkm  °f  free  and  «*<», 

>  .  o.  ljixt .  Alines  1  ech,  leaver  718 

contains  a  resume  of  available  data  on  carbides  of  iron  ;  i  r  ^1S  PaPer 

L.T  E.  Hofer  of  the  material  in  reference  19  ’  “1Cludlng  a  SUmmar*  ** 

"  L  J'  &  H°f0r’  K  M-  Cohn'  anJ  W-  C-  J-  Am.  Chem.  Soc.,  71,  189  (1949). 
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alkalized  with  potassium  carbonate  (amount  not  specified  but  pre¬ 
sumably  at  least  0.1  part  per  100  of  iron),  and  oven-dried  at  105°C. 
The  catalyst  was  carburized  in  an  aluminum-block  furnace  and  trans¬ 
ferred  by  a  suitable  technique  to  an  apparatus  in  which  the  sample  was 
decomposed  in  5  iV  hydrochloric  acid  solution.  The  gases  evolved  in 
the  acid  decomposition  were  collected,  measured,  and  analyzed.  Car- 
bidic  carbon  was  assumed  to  form  gaseous  hydrocarbons.  The  insoluble 
residue  which  contained  only  small  amounts  of  iron  was  analyzed,  and 
its  carbon  content  assumed  to  be  free  carbon.  One  of  the  objectives  of 
this  study  was  to  demonstrate  why  pretreatment  of  this  type  of  catalyst 
with  pure  carbon  monoxide  at  325°C  and  0.1  atm  gave  catalysts  of 
maximum  activity,  as  shown  by  catalyst-testing  experiments.  Most  of 
the  experiments  centered  about  these  conditions  of  carburization. 

The  effect  of  pressure  on  the  carburization  of  alkalized  iron  catalysts 
at  325°C  is  shown  in  Table  6.  These  data  indicate  that  the  rate  of  forma- 


Table  6.  Effect  of  Pressure  on  the  Carburization  of  Alkalized  Iron  Oxide 

Catalysts  at  325 °C  a  A 

(25  hr  of  treatment  with  carbon  monoxide  at  4  1  per  10  g  Fe  per  hr.) 

Grams  Carbon  per  10  g  Fe 


Pressure,  , - — *■ - - — > 

atm  Free  Carbon  Carbide 

0.1  2.21  0.45 

1.0  4.23  0.34 

15.0  Not  determined  0.10 


a  H.  Pichler  and  H.  Merkel;  see  reference  20. 


tion  of  carbide  varied  inversely  with  pressure,  whereas  free-carbon  forma¬ 
tion  varied  directly  with  pressure.  Table  7  contains  data  on  the  forma¬ 
tion  of  free  and  carbidic  carbon  as  a  function  of  carburization  tempera¬ 
ture.  The  formation  of  free  carbon  increased  with  temperature,  be- 


Table  7.  Effect  of  Temperature  on  Carburization  of  an  Alkalized  Iron 

Oxide  Catalyst0 


(25  hr  of  treatment  with  carbon  monoxide  at  4  1  per  10  g  Fe  per  hr.) 


Temperature, 

°C 

175 

225 

275 

325 

425 


Grams  Carbon  per  10  g  Fe 

Free  Carbon 

Carbide 

0.00 

0.003 

0.07 

0.004 

0.89 

0.358 

2.21 

0.454 

10.02 

0.017 

«  H.  Pichler  and  H.  Merkel;  see  reference  20. 
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coming  sizable  at  325° C  and  above,  whereas  the  formation  of  caibidic 
carbon  increased  to  a  maximum  at  325°C. 

The  formation  of  free  and  carbidic  carbon  and  the  oxygen  content  of 
an  alkalized  iron  oxide  catalyst  as  a  function  of  time  are  shown  in 
Figure  8.  After  3  hr,  the  amount  of  carbidic  carbon  had  increased  to 
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0.4  g  carbon  per  10  g  iron,  and  it  increased  only  slightly  with  additional 
carburization.  In  the  first  3  hr,  most  of  the  oxygen  was  removed  from 
the  catalyst.  After  10  hr,  the  amount  of  oxygen  remaining  was  only  1 
per  cent  of  that  in  the  unreduced  catalyst.  Probably  a  sufficient  amount 
of  carbon  dioxide  is  formed  by  the  carburization  reactions  to  prevent 
further  reduction  ot  the  iron  oxide.  The  total  carbon  curve  increased 
rapidly  initially  and  then  decreased  to  a  constant  rate  at  about  the  point 
where  the  carbide  content  became  constant.  Under  these  conditions 
the  amounts  of  carbide  and  oxygen  did  not  change  after  3  hr. 


Figure  6-9.  Hydrogenation  of  10.060  g  of  a  carburized,  alkali-promoted  (0.25% 
K2C03)  catalyst  at  263°C  and  atmospheric  pressure,  0.8  1  of  hydrogen  per  hr.  Repro¬ 
duced  from  reference  20. 


The  results  of  analysis  by  the  acid  decomposition  method  indicated 
that  the  carbidic  carbon  was  equivalent  to  only  50  per  cent  of  that  in 
Fe2C,  and  that  hydrogen  was  formed  in  excess  of  the  calculated  amount. 
It  is  probable  that  some  carbidic  carbon  appeared  as  free  carbon;  how¬ 
ever,  this  does  not  seriously  alter  the  interpretation  of  Figure  8.  To 
check  this  point,  a  sample  of  alkalized  iron  oxide  catalyst  was  carburized 
with  40  1  of  carbon  monoxide  per  hr  per  10  g  of  iron  for  8  hr  (presumably 
at  325°  C  and  0.1  atm)  to  insure  complete  carburization.  This  sample 
was  hydrogenated  at  263°C  for  long  periods  and  the  methane  produced 
was  determined;  these  data  are  given  in  Figure  9.  This  temperature 
was  considered  optimum  for  removal  of  carbide  without  hydrogenation 
of  free  carbon.  The  carbide  removed  after  400  hr  of  hydrogenation  was 
equal  to  a  value  between  those  equivalent  to  the  formulae,  Fe2C  and 
Fe3C,  an  amount  corresponding  to  Fe2.28C.  This  hydrogenated  cata¬ 
lyst  was  subjected  to  acid  decomposition  analysis,  and  no  carbidic  cai- 
bon  was  found.  This  shows  that  free  carbon  does  not  appear  as  carbit  e 
in  this  analysis;  however,  a  part  of  the  carbide  probably  appeared  as 

free  carbon. 
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In  the  second  part  of  the  dissertation,  Pichler  and  Merkel  discussed 
thermomagnetic  studies  of  the  formation  and  decomposition  of  iron 
carbides.  As  described  in  Chapter  2  (p  48),  thermomagnetic  analysis 
involves  the  determination  of  Curie  Points  (CP),  the  steepest  poitions 
or  points  of  inflection  of  the  thermomagnetic  curves.  Pichler  and 
Merkel20  and  Hofer20,21  have  listed  the  Curie  Points  of  various  iron 
phases,  as  shown  in  Table  8.  Hofer20,21  observed  the  Curie  Point  of 


Table  8.  Curie  Points  of  Phases  Present  in  Iron  Fischer-Tropsch  Catalysts 


Phase 

a-Fe 

Hexagonal,  Fe2C 
Hiigg,  Fe2C 
Cementite,  Fe,3C 
Magnetite,  Fegtb 
Cubic  or  7-Fe203 


«-Fe203 


FeOOH  phases 

Potassium  ferrite,  K20-Fe203 

Copper  ferrite,  Cu0-Fe203 


Curie  Point,  °C 
768 
380 

247-265 

210 

565 

500  (500-675) 
Paramagnetic 
or  weakly 
ferromagnetic 
Paramagnetic 
150 
450 


Fe2C  (Hiigg)  at  247°C,  as  compared  with  the  value  of  265°C  reported 
by  Pichler  and  Merkel.20  This  difference  is  apparently  due  to  experi¬ 
mental  uncertainties,  for  there  is  no  reason  to  doubt  that  the  Curie 
Points  correspond  to  the  same  carbide. 


Pichler  and  Merkel  made  preliminary,  orienting  experiments  on  the 
formation  and  stability  of  iron  carbides.  A  Curie  Point  of  260°  C  was 
observed  on  an  iron  oxide-potassium  carbonate  catalyst  carburized  with 
carbon  monoxide  at  0.1  atm  and  325°C.  An  iron  oxide-copper  oxide- 
potassium  carbonate  catalyst  carburized  at  205°  C  had  Curie  Points  at 
265° C  and  380° C.  Comparison  with  the  data  of  Herbst  and  Halle  19 
and  Hofer20,21  indicates  that  the  CP  =  260°-265°C  carbide  was  Hiigg 
e2C  and  the  CP  -  380°C  carbide  was  hexagonal  Fe2C.  The  thermal 
decomposition  of  these  carbides  in  an  Fe:Cu:K2C03  (100-1  0-0  25) 
catalyst  that  was  carburized  at  205°C  is  presented"  in  Figure  10.  Por¬ 
tions  of  the  carburized  catalyst  were  heated  for  30  min  in  nitrogen  at 
WC  1  ™Per^res’  and  thermomagnetic  curves  determined.  The 

^  nCJrtmgf(F,guret  10B)  Changed  the  ™>gnetic  curve  only  slightly 
he  presence  of  some  free  iron  being  observed.  On  heating  at  355°C 

he  amount  of  CP  =  380°C  carbide  decreased  considembfy  it  being 

transformed  to  CP  =  265°C  carbide  After  the  tno°C  ,  ,  8 

small  amount  of  CP  -  Wf  „,u  ,  400  C  heatm8>  only  a 

unt  ot  L-t-  -  380  C  carbide  remained ;  however,  the  amount 
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of  CP  =  265° C  carbide  was  essentially  unchanged.  After  the  480°C 
heating,  the  CP  =  380°  C  disappeared,  and  the  amount  of  free  iron  in¬ 
creased.  A  Curie  Point  was  observed  at  about  230°  C.  Apparently  this 


Figure  6-10  Thermomagnetic  curves  showing  thermal  instability  of  higher  iron 
carbides,  obtained  by  carburization  at  205°C.  Samples  B-F  kept  at  mdjeated  reae- 
tion  temperature  for  0.5  hr,  before  thermomagnetic  analysis  as  shown  (100  Fe.  t  . 
0.25K2CO3  catalyst).  Reproduced  from  reference  20. 


corresponded  to  a  mixture  of  cementite  and  Hiigg  Fe2C;  the  magnetic 
balance  probably  was  not  sensitive  enough  to  show  the  point  o  in¬ 
flection  between  the  Curie  Points  of  these  phases.  Sim  ally  the  Curie 
Point  in  Figure  10D  appears  to  be  lower  than  that  usually  observed  «£ 
Hagg  Fe2C.  The  heat  treatment  at  510  C  caused  the  C 
carbide  to  disappear.  This  catalyst  contained  cementite  and  fiee  ir  . 
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These  data  are  in  general  agreement  with  those  of  Herbst  and  Halle  19 
on  the  transformation  of  hexagonal  to  Hagg  Fe2C. 

Three  catalysts  were  prepared  by  precipitation  of  iron  oxide  from 
solutions  of  iron  nitrates  (iron  filings  dissolved  in  dilute  nitric  acid)  with 
sodium  carbonate  solution,  at  about  the  boiling  temperature.  For  the 
first  catalyst  the  precipitate  was  washed  and  dried.  For  the  second 


Figure  6-11.  Thermomagnetic  curve 
of  unpromoted  iron  oxide,  after  car¬ 
burization  for  12  hr  at  325 °C  and  0.1 
atm;  8  1  CO  per  hr  per  10  g  Fe.  Re¬ 
produced  from  reference  20. 


Figure  6-12.  Thermomagnetic  curve 
of  alkalized  (0.25%  K2CO3)  iron  oxide, 
after  carburization  for  12  hr  at  325  °C 
and  0.1  atm;  8  1  CO  per  hr  per  10  g 
Fe.  Reproduced  from  reference  20. 


catalyst  0.2o  part  ot  potassium  carbonate  per  100  of  iron  was  added  to 
the  washed  precipitate  before  drying.  In  preparing  the  third  catalyst 
coppei  nitrate  was  added  to  the  iron  nitrate  solution,  and  after  precipita- 

thT  an  it™ img’  the  Catalyst  was  alkalized  with  potassium  carbonate 
he  resulting  composition  being  Fe : Cu : K2C03  =  100:1.0:1.5  These 

:n“  ah,325°C  and  01  Stm  With  8  '  -bon  nion- 

showed^only0^6 ^rie^Poii^s^f*26^  ^  ^  '2  hr 

Carburization  for  24  hr  formed  smlN  ^Tf  u™  (FigUre  11}' 
amounts  ot  free  iron;  the  remainder  was  nmgLti  ^  and  la,ger 
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After  12  hr  of  carburization  of  the  iron  oxide-potassium  carbonate 
catalyst,  the  magnetic  analysis  (Figure  12)  showed  the  presence  of  about 
50  per  cent  Hiigg  Fe2C  and  50  per  cent  magnetite.  The  abrupt  rise  in 
the  curve  at  600°-700°C  was  due  to  reduction  of  magnetite  to  free  iron 
by  carbide  or  free  carbon.  A  25-hr  carburization  resulted  in  a  larger 


Figure  6-13.  Thermomagnet ic  curves 
of  alkalized  (0.25%  K2C03)  iron  oxide, 
after  carburization  for  25  hr  at  325  C 
and  0.1  atm;  8  1  CO  per  hr  per  10  g  Fe. 
I,  freshly  carburized  sample;  II,  after 
heating  to  800°C.  Reproduced  trom 
reference  20. 


Figure  6-14.  Thcrmomagnetic  curve 
of  Fe :  Cu :  K2CO3  (100  ill  1.5)  catalyst, 
after  carburization  for  0.5  hr  at  325  C 
and  0.1  atm;  8  1  CO  per  hr  per  10  g  Fe. 

Reproduced  from  reference  20. 


fraction  of  Hagg  carbide  and  less  magnetite,  as  shown  in  Figure  13, 
“  and  agafn  free  iron  was  formed  above  600°C.  Heating  at  800°C 

(curve  II)  converted  this  sample  to  free  iron. 

The  iron  oxide-copper  oxide-potassium  carbonate  catalyst  was  car¬ 
burized  at  a  considerably  greater  rate  under  the  same  conditions.  In 
30  min  this  catalyst  (Figure  14)  was  carburised  to  an  extent  about  equ 
to  that  of  the  iron  oxide-potassium  carbonate  catalyst  after  12  hi.  Ihe 
catalyst  containing  copper  and  alka  1  was ,  comp.e  y  „  ^  ^  #2 

TTg-C  in  12  hr,  as  shown  in  1  igui  '  *  ,  ,  qoa° ( ' 

(Figure  16)  also  formed  Hiigg  carbide,  and  heat  treatment  at  800  C 
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completely  converted  the  Fe2C  to  cementite.  Since  no  free  iron  was 
formed,  it  appears  that  no  magnetite  was  present  in  the  sample. 

Hofer,  Peebles,  and  Cohn  21  carburized  samples  of  a  reduced  iron 
synthetic-ammonia  catalyst  (Fe-MgO-K20)  and  an  iron  oxide-copper 
oxide-potassium  carbonate  catalyst  in  carbon  monoxide  at  atmospheric 
pressure  and  238°  and  188°C,  respectively,  until  carbon  equivalent  to 


of  1  e :  Cu :  K2CO3  (100:1:1.5)  catalyst, 
after  carburization  for  12  hr  at  325  °C 
and  0.1  atm;  8  1  CO  per  hr  per  10  g  Fe. 
Reproduced  from  reference  20. 


Figure  6-16.  Thermomagnetic  curves 
of  Fe:Cu:K2C03  (100:1:1.5)  catalyst, 
after  carburization  for  25  hr  (also  62 
hr)  at  325 °C  and  0.1  atm;  8  1  CO  per 
hr  per  10  g  Fe.  I,  freshly  carburized 
sample;  II,  after  heating  to  800°C.  Re¬ 
produced  from  reference  20. 


Fe2C  was  deposed,  as  shown  in  Figure  17.  X-ray  diffraction  patterns 
indicated  a  progressive  formation  of  the  Hagg  and  hexagonal  carbides 
n  10  synthetic-ammonia  and  precipitated  catalysts,  respectively  The 

™rlrtrbld:  WaS  fh0"'n  to<lecomP°se  t0  HSgg  carbide  at  about 
'  o  ,  . 1  Tln  turn  dec°mposed  to  cementite  at  about  550° C 

l  odgurski,  hummer,  DeWitt,  and  Emmett®  studied  formation  and 
S  ability  Ol  carbides  in  fused  iron  synthetic-ammonia  catalysts  as  well 

,ysts  ThecataTv  t  “''i ’ monoxi<le  and  Mrogon  on  carbided  cata- 
L  „  •  Ahe  cat^ysts  used  were  as  follows:  910— pure  Fe3Cb  and  423 
'2.26  per  cent  Je,  2.26  A1203,  0.67  Si02,  and  0.21  Zr()2 

publ"hei  POdgUISki'  J'  ^  KUmm°r-  T-  "■  DeWi“.  and  P.  H.  Emmett,  ibid.,  to  be 
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I  wo  methods  of  carburization  of  reduced  catalysts  were  used:  (a) 
with  carbon  monoxide,  and  (6)  with  saturated  hydrocarbons,  such  as 
propane,  butane,  and  pentane.  The  carburization  with  carbon  monoxide 
is  a  highly  exothermic  reaction,  and  if  the  rate  of  carburization  is  very 
high,  the  temperature  of  the  catalyst  may  greatly  exceed  the  furnace 
temperature.  The  authors  attributed  to  local  overheating  the  forma¬ 
tion  of  free  carbon  which  is  frequently  produced  in  the  carburization  of 


J500 


600 

300 


Figure  6-17.  Carburization  of  two  types  of  iron  Fischer-Tropsch  catalysts.  Repro¬ 
duced  by  permission  from  reference  21. 

this  type  of  catalyst.  If  the  initial  rate  of  carburization  is  kept  low  by 
starting  the  experiment  at  a  low  temperature,  it  is  possible  to  prepare 
carbides  without  producing  free  carbon.  Thus,  tor  catalyst  423,  car¬ 
burization  in  carbon  monoxide  for  22  hr  at  225°C  plus  35  hr  at  2/5  C 
yielded  a  carbide  of  7.1  per  cent  carbon  as  compared  with  9.67  per  cent 
for  Fe2C.  Samples  carburized  in  carbon  monoxide  were  shown  to  con- 
tain  small  amounts  of  oxygon,  ie,  roughly  1  atom  of  oxygen  per  molecule 
of  nitrogen  in  the  physically  adsorbed  monolayer,  Vm  (see  p  o2  oi  Chap- 
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at  300°  C,  the  sample  contained  4.3,  6.9,  and  7.5  per  cent  of  carbon  after 
1.3,  9,  and  18  hr,  respectively.  Butane  treatment  for  longer  periods  or  at 
higher  temperatures  did  not  appreciably  increase  the  percentage  of  car¬ 
bon  above  7.5  per  cent,  nor  did  carbon  monoxide  treatment  after  car¬ 
burization  in  butane  to  7.5  per  cent  carbon  cause  any  appreciable  change 
in  carbide  content.  The  authors  suggested  that  this  incomplete  car¬ 
burization  might  result  from  complete  covering  of  the  outer  layers  by 
the  carbide  from  butane  and  disappearance  of  free  iron  from  the  sur¬ 
face.  Carburization  with  carbon  monoxide  at  200° C  to  1  per  cent  of 
carbon  greatly  inhibited  the  rate  of  subsequent  carbiding  in  butane. 

Carbides  prepared  at  275°  C  by  carbon  monoxide  or  hydrocarbon 
treatment  gave  the  x-ray  diffraction  pattern  of  the  Hagg  carbide.  Both 
these  carbides  were  partially  converted  to  cementite  in  3  hr  in  vacuo  at 
500°C.  However,  at  500°C  the  cementite  prepared  from  the  Hagg 
carbide  produced  by  carbon  monoxide  treatment  decomposed  to  iron 
and  carbon  at  a  much  slower  rate  than  the  cementite  from  Hagg  carbide 
produced  by  butane  treatment.  The  oxide  on  the  carbides  prepared 
from  carbon  monoxide  was  probably  responsible  for  the  increased 
stability  of  the  cementite. 

The  Hagg  carbide  in  fused  catalysts  was  observed  to  decompose  very 
slowly  to  cementite  at  400° C,  and  at  500° C  this  rate  was  fairly  rapid. 
At  600°C,  the  Hagg  carbide  was  rapidly  converted  to  iron  and  carbon. 
Samples  carburized  only  to  a  value  equivalent  to  the  carbon  content  of 
Fe3C  decomposed  more  rapidly  than  those  of  composition  approximately 
Fe2C.  Apparently,  the  reaction 


*  e2U  +  Fe 


is  more  rapid  than  the  decomposition  to  cementite  and  free  carbon.  Cat¬ 
alyst  423,  when  carburized  in  carbon  monoxide  to  2.5  per  cent  carbon, 
at  210°C,  gave  the  x-ray  diffraction  pattern  of  hexagonal  carbide.  After 
further  carburization  to  6.5  per  cent  carbon,  the  x-ray  diffraction  pat- 
terns  showed  'meS  °f  b°th  hexaS°nal  and  Hagg  carbide.  It  was  suggested 
that  the  hexagonal  carbide  may  be  an  intermediate  in  the  formation  of 

agg  carbide  Copper  in  a  fused  synthetic-ammonia  catalyst  was 
found  to  stabilize  the  hexagonal  carbide. 

The  chemisorption  of  carbon  monoxide  was  used  to  estimate  the 
amount  o  free  iron  in  the  catalyst  surface  of  reduced  and  carbided  iron 
catalysts  (see  pp  64  68,  and  476).  Chemisorption  of  carbon  monoxide 

bidic  carbon  is  sho™  in  Figumls^TOth  LXeTpure'^o’'  thfratio 
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cent  of  carbon.  With  promoted  catalyst  423  the  initial  ratio  was  lower 
than  with  910,  because  of  the  accumulation  of  promoters  on  the  surface, 
but  the  ratio  decreased  less  rapidly  with  increasing  carbide  content. 
For  catalysts  carbided  with  carbon  monoxide,  the  chemisorbed  carbon 
monoxide  decreased  to  essentially  zero  at  9.5  per  cent  of  carbon,  as 
compared  with  7.8  per  cent  of  carbon  for  the  carbide  from  butane.  Thus, 
the  presence  of  carbide  decreased  the  chemisorption  of  carbon  monoxide; 


Figure  6-18.  The  decrease  in  carbon  monoxide  chemisorption  at  -195°C  with  the 
amount  of  Hagg  carbide.  From  data  of  reference  22. 

however  with  promoted  catalysts  the  chemisorption  did  not  approach 
zero  until  the  sample  was  fairly  completely  carbided.  This  suggests 
that  the  carbide  does  not  accumulate  at  the  surface  but  diffuses  through 
the  iron  lattice  and  probably  deposits  on  nuclei  of  Fe2C.  Evidence  was 
presented  for  a  loosely  held  chemisorption  that  occurs  on  partially  car¬ 
bided  samples  at  —78°  and  —46  C.  , 

On  completely  carbided  samples  (9.1  per  cent  carbon  from  caibon 

monoxide  or  7.5  per  cent  carbon  from  butene)  no  ^  a  sti”r" 
sorption  of  carbon  monoxide  occurred  at  100  and  200  C.  A  sim  , 
reduced  catalyst  chemisorbed  considerable  quantities  of  carbon  monox. 
at  50°  and  100°C  and  began  to  form  carbide  at  150  O. 

Adsorption  isobars  of  hydrogen  on  reduced  iron  are  characterised  by 
two  maxima  corresponding  to  type  A  (-78°C)  and  type  B  (100  C) 
chemisorptions  (p  58,  Chapter  2).  Type  A  chemisorption  was  virtual  y 
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eliminated  on  partially  carbided  samples,  but  type  B  was  almost  as 
large  as  on  reduced  catalysts,  except  for  samples  that  were  nearly  com¬ 
pletely  carburized  and  for  which  the  type  B  chemisorption  was  ap¬ 
preciably  decreased.  Type  B  chemisorption  at  100  C  was  lower  foi 
butane  carbides  than  for  those  from  carbon  monoxide.  This  may  be  due 
either  to  enhanced  hydrogen  chemisorption  of  the  oxide  formed  in  car¬ 
bon  monoxide  treatment  or  to  residual  hydrogen  from  the  butane  car- 


biding. 

Recently,  Jack  18  published  extensive  x-ray  diffraction  studies  of  the 
carbides,  nitrides,  and  carbonitrides  of  iron.  The  Hagg  carbide,  termed 
“iron  percarbide”  by  Jack,  was  shown  to  have  either  an  orthorhombic 
or  a  hexagonal  unit  cell,  and  its  density  as  computed  from  lattice  pa¬ 
rameters  was  7.2  g  per  cc.  The  formula  for  this  carbide  was  given  as 
FesoCg  (Fe2.22C),  which  is  very  close  to  Fe2.28C  observed  by  Pichler  and 
Merkel.20  The  iron  percarbide  was  prepared  by  treating  iron  nitride, 
Fe2N,  with  carbon  monoxide  at  450°-500°C.  Cementite  was  formed  by 
this  method  at  higher  temperatures  (()00°C).  This  is  an  interesting 
method  of  preparing  the  carbides,  since  at  temperatures  as  high  as 
000° C  no  free  carbon  was  formed. 

The  nitrides  of  iron  were  prepared  by  passing  ammonia  at  high  space 
velocity  over  iron  at  450° C.  On  carbon  monoxide  treatment  the  nitrogen 
was  progressively  eliminated,  and  a  series  of  carbonitrides  of  variable 
composition  was  formed.  If  the  treatment  was  continued  sufficiently 
long,  all  the  nitrogen  was  eliminated.  These  carbonitrides  could  also 
be  formed  by  treating  the  “percarbide”  with  ammonia.  In  the  car- 
bonitrides  the  atom  concentration  of  C  4-  N  remained  almost  constant 
(33.5-3G.0  atom  per  cent),  and  the  crystal  structure  of  Fe2N  persisted 
in  the  lange  FesN4  to  FegC^N.  When  nitrides  of  lower  nitrogen  content 
than  Fe2N  were  carburized  with  carbon  monoxide,  the  carbon  content 
increased  rapidly  without  replacing  nitrogen  until  the  total  nitrogen  plus 
carbon  atom  concentration  was  about  34  per  cent.  The  rate  of  car- 
biding  of  the  nitrides  was  considerably  greater  than  that  of  a-iron,  and 
no  free  carbon  was  deposited.  Jack  suggested  that  the  body-centered 
a-iron  is  resistant  to  carbide  formation.  In  formation  of  the  nitride 
the  lattice  expands  first  to  face-centered  cubic  and  then  to  the  hexagonal 
close-packed  structure,  and  these  structures  are  more  easily  penetrated 


The  studies  of  Jack  provide  an  interesting  method  of  preparing  the 
iron  pcrcarb.de  (Hagg)  without  excessive  carbon  deposition  and  also  a 
method  of  pretreating  iron  catalysts  to  form  bulk  phases  with  unique 
crystal  structure  and  composition.  Nitrides  and  carbonitrides  of  iron 
have  unusual  properties  as  Fischer-Tropsch  catalysts  (see  p  549) 
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CARBIDES  OF  RUTHENIUM 

Pichler  23  states  that  “no  ruthenium  carbide  is  known  to  form  under 
conditions  of  the  synthesis.  The  formation  of  ruthenium  carbide  is  pos¬ 
sible  at  very  high  temperatures.” 


FORMATION  OF  ELEMENTAL  CARBON 


Some  data  on  the  formation  of  elemental  or  free  carbon  have  already 
been  presented  in  connection  with  the  formation  of  carbides  of  nickel, 
cobalt,  and  iron.  With  nickel  and  cobalt,  carburization  in  carbon  mon¬ 
oxide  may  be  characterized  by  two  temperatures.  Below  the  lower  tem¬ 
perature  only  carbide  is  formed,  above  the  higher  temperature  only 
elemental  carbon,  and  between  these  temperature  limits  both  carbidic 
carbon  and  elemental  carbon  are  formed.  For  nickel,  these  temperatures 
are  about  285°  and  420°C,  and  for  cobalt,  210°  and  275°C.  With  iron 
the  data  are  not  as  clear  cut,  but  it  appears  that  fairly  pure  carbides  can 
be  formed  below  225°-275°C.  Mixtures  of  carbides  and  free  carbon 
can  be  formed  at  temperatures  at  least  as  high  as  400° C. 

There  is  considerable  literature  on  the  formation  of  free  carbon  from 
carbon  monoxide.  Fischer  and  Dilthey  24  and  Waugenheim  25  studied 
the  formation  of  free  carbon  on  iron  at  350°-500°C.  As  the  reaction 


proceeded,  the  iron  disintegrated  and  was  carried  into  the  free-carbon 
phase,  the  reaction  continuing  until  the  percentage  of  iron  was  about  1 
per  cent.  This  iron  was  chiefly  in  the  form  of  cementite.  It  was  not 
possible  to  prepare  iron-free  carbon  by  this  method,  t  ischei  and  Bahr 
showed  that,  when  an  iron-copper  catalyst  was  carburized  with  carbon 
monoxide  at  500° C,  the  carbon  contained  copper  as  well  as  iron.  This 
suggests  that  the  iron  and  copper  were  dispersed  by  mechanical 

^Apparently,  at  least  part  of  the  free  carbon  is  formed  within  the  metal 
lattice,  and  the  carbon  deposit  increases  in  size  until  the  metal  lattice 
splits  This  implies  that  dissolved  or  carbidic  carbon  formed  at  tie 
metal  surface  diffuses  in  the  metal  lattice  and  deposits  as  free  carbon  on 
a  particle  of  carbon  or  other  nuclei.  The  hypothesis  that  carbides  aie 
intermediates  in  free-carbon  formation  is  attractive,  but  it  is  by  no  means 


-  H  Pichler,  Synthesis  of  Hydrocarbons  from  Carbon  Monoxide  and  Hydrogen, 
U.  S  Bur.  Mines  Spec.  Kept.  (1947),  158  pp.  Translation  reproduced  in  T.O.M. 

Reel  259,  Frames  467-654.  (1928);  Q 

24  f.  Fischer  and  P.  Dilthey,  Brennstoff-Chem.,  8,  388  (1927),  ^  >• 

Abhandl.  Kenntnis  Kohle,  8,  234  (1629). 

25  p.  Waugenheim,  ibid.,  8,  227  (1929). 

26  F.  Fischer  and  H.  Bahr,  ibid.,  8,  255  (1929). 
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proved.2  Studies  of  Kummer,  DeWitt,  and  Emmett 27  on  carbiding  of 
iron  catalysts  with  C140  suggest  that  diffusion  of  carbon  in  the  iron  lat¬ 
tice  is  rapid  at  temperatures  as  low  as  200° C. 

It  is  also  possible  to  form  carbidic  and  elemental  carbon  by  the  de¬ 
composition  of  hydrocarbons.  As  shown  in  Chapter  2,  all  hydrocarbons 
except  methane  and  ethane  are  thermodynamically  unstable  with  re¬ 
spect  to  carbon  as  graphite  and  hydrogen  at  temperatures  above  100°C. 
With  higher  paraffinic  and  all  olefinic  hydrocarbons  it  is  thermody¬ 
namically  possible  to  form  Hagg  Fe2C  and  cementite  at  temperatures 
above  200° C.  Schmidt  and  Osswald  28  observed  that  free  and  carbidic 
carbon  was  formed  by  decomposition  of  acetylene  on  nickel.  Methods 
of  suppressing  carbon  formation  are  not  well  developed.  Baukloh  and 
Hellbriigge  29  state  that  the  presence  of  chromic  oxide  in  iron  decreases 
the  rate  of  formation  of  free  carbon  from  carbon  monoxide. 

Carbon  deposition  during  the  synthesis  usually  does  not  occur  in  ap¬ 
preciable  amounts  on  cobalt  or  nickel  catalysts  unless  the  catalyst  is 
operated  at  excessively  high  temperatures.  With  iron  catalysts,  carbon 
deposition  usually  accompanies  the  synthesis.  Swelling  and  disintegra¬ 
tion  of  particles  accompanying  carbon  deposition  are  a  serious  problem 
in  the  synthesis  with  iron  catalysts.  Very  little  has  been  published  re¬ 
garding  carbon  deposition  in  the  synthesis,  and  it  has  not  been  estab¬ 
lished  whether  the  carbon  results  from  the  decomposition  of  carbon  mon¬ 
oxide  or  hydrocarbons. 

Pichler  and  Merkel20  determined  free  carbon  in  iron  catalysts  used 
in  the  synthesis  by  their  acid  decomposition  method,  as  shown  in  Table 
9.  A  numbei  of  catalysts  pretreated  by  carburization  in  carbon  mon¬ 
oxide  were  analyzed  tor  free  carbon  after  use  in  the  synthesis.  Sizable 
amounts  of  free  carbon  were  formed  in  the  pretreatment.  In  all  the  ex¬ 
periments  in  Table  9,  the  free-carbon  content  increased  with  time.  In 
experiment  3  the  large  amount  of  carbon  was  due  in  part  to  the  high 
final  temperature  of  operation.  The  rate  of  carbon  deposition  usually 
paralleled  the  activity  in  the  synthesis.  Thus  in  experiment  4,  the  eata- 
,ys  '  ga™  on|y  a  40  Per  cent  contraction  contained  much  less  car- 

“  Tt  Weilks, than  the  more  active  cataM  in  experiment  1  after 
3  weeks.  The  alkali  content  of  iron  catalysts  is  the  most  important  com¬ 
position  variable,  since  the  rate  of  free  and  carbidic  carbon  formation  in 
creases  with  increasing  alkali  content.  Carbon  formation  increased  tht 


27  J.  T.  Kummer,  T.  W.  DeWitt  umlP  u  tp.  r 
(1948).  ’  '  mett’  J-  Am-  Chem.  Soc.,  70,  3,632 

;^“and*-  °SSWald-  Z-  anor9-  u-  aUgem.  Chem  216  85  (19331 
29  W.  Baukloh  and  J  Hellbriiew  4r„j,  j?  ,  ’  ’  80 

gS  ’  A  h"  Elsen,™Uenw.,  15,  163  (1941);  Brennstoff- 


Chem.,  23,  87  (1942). 
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Table  9.  Formation  of  Free  Carbon  During  Synthesis  “ 

(Catalysts  pretreated  with  carbon  monoxide  at  0.1  atm  and  325°C  and  used  in 
synthesis  with  2H2  +  3CO  at  15  atm.) 


Experi¬ 

Weeks  of 

Temper¬ 

ature, 

Con¬ 

traction, 

Free  Carbon, 
g  per  10  g 

ment 

Operation 

°C 

per  cent 

iron 

1 

0 

1.75 

1 

235 

52 

2.12 

3 

235 

55 

2.37 

2 

0 

1.85 

16 

235 

50 

3.92 

3 

0 

2.21 

78 

235-285 

55-45 

7.97 

4 

0 

1 .75 

11 

235 

40 

2.02 

“  H.  Pichler  and  H.  Merkel;  see  reference  20. 


the  ratio  of  carbon  monoxide : hydrogen  in  the  synthesis  gas,  as  shown 
in  Table  10.  With  4H2:1C0  gas  the  free  carbon  decreased  during  the 
synthesis,  and  it  increased  only  slightly  with  211-2 ‘ICO  gas.  With 
2H2:3CO  gas,  the  free  carbon  increased  at  a  greater  rate.  Thus,  forma¬ 
tion  of  excessive  amounts  ot  free  carbon  may  be  avoided  by  using  hy¬ 
drogen-rich  gas  and  low  temperatures. 


Table  10.  Formation  of  Free  Carbon  as  a  Function  of  Synthesis  Gas 

Composition  ° 


(Catalysts  presumably  inducted  as  described  in  previous  table. 

operation  =  15  atm.) 


Temper¬ 

ature, 

Days  of 

Ratio  of 
H-.:CO  in 
Synthesis 

Con¬ 

traction, 

°C 

Operation 

Gas 

per  cent 

190 

0 

4:1 

200  h 

60 

it 

30 

210 

0 

2:1 

.  • 

225  ft 

151 

U 

35 

235 

0 

2:3 

50 

240  h 

112 

U 

Pressure  of 


F  roe 
Carbon, 
g  per  10 
g  Fe 
2.21 
1.88 


2.21 

2.51 

1.85 

3.92 


«  H  Pichler  and  II.  Merkel;  see  reference  20. 
o  Temperature  required  to  maintain  constant  conversion 


Kinetics  of  Formation  of  Car  hi  die  and  Free  Carbon  19.) 


KINETICS  OF  FORMATION  OF  CARBIDIC  AND  FREE 

CARBON 

The  kinetics  of  the  formation  of  cobalt  carbide,  C02C,  from  carbon 
monoxide  on  cobalt-thoria-kieselguhr  catalysts  has  been  studied  by 
Craxford  and  Rideal,30  Eidus  and  Zelinskii, 31  and  Weller.3-  1  he  ex¬ 
periments  of  Craxford  and  Rideal  were  made  in  a  static  system,  and  thus 


the  results  may  be  somewhat  uncertain.  Eidus  and  Zelinskii  and  Weller 
used  flowing  systems  which  provide  more  certain  kinetic  data.  Crax¬ 
ford  and  Rideal  observed  a  rapid  rate  of  carburization  in  the  first  few 
minutes  which  was  followed  by  a  lower,  constant  rate  for  at  least  20  hr. 
Eidus  and  Zelinskii  did  not  determine  the  initial  rate  but  observed  a 
constant  rate  from  their  first  reading  (at  5  hr)  to  15-20  hr,  the  rate  de¬ 
creasing  after  this  time.  Weller  observed  a  rapid  initial  rate  followed  by 
a  constant  rate  for  30-150  min,  the  rate  decreasing  after  150  min  as 
shown  m  Figure  19.  The  rate  of  this  constant  intermediate  portion  ivas 

"  y'  T  ?yf0rd  ~  ')■  Rid™''  J ■  Chem ■  Soc- '  '.804  (1939). 

.  T.  Lulus  and  N.  D.  Zelinskii,  Bull  acad  sci  77  R  Sf  Q  ni  ,  • 

(1942).  ucaa.  set.  u Llasse  set .  chim 190 

12  S.  Weller,  ./.  Am.  Chem.  Soc.,  69,  2,432  (1947). 
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not  greatly  dependent  upon  pressure  of  carbon  monoxide  from  0.07  to 
0.6  atm,  as  expressed  by  the  equation, 

rate  =  kpco°’20~°'26 

Weller  32  summarized  and  compared  the  rates  and  overall  activation 
energies  of  carburization  and  synthesis,  as  shown  in  Table  1 1 .  The  data 


Table  11.  Rates  and  Activation  Energies  of  Carbiding  and  Synthesis  on 

Co:Th02:Kg  =  100:18:100  Catalysts 

Craxford 

and  Eidus  and 

Rideal a  Zelinskii  b  Weller e 


Rates  (g  C  per  g  Co  per  hr  X  104)  at  200°C 

Carbiding  j  1st  stage  35  d  1 , 000-2 , 000  d 

with  COl 2nd  stage  0.8 e  42/  60-65  * 

Synthesis  280  ~430  560 

Apparent  activation  energies,  kcal  per  mole 

Carbiding  1 1st  stage  10.0  s  ....  •••• 

with  CO  1 2nd  stage  18.0  s  14.8/  31.0 h 

Synthesis  9.5  26.5 

«  S.  R.  Craxford  and  E.  Iv.  Rideal;  see  reference  30. 
b  Y.  T.  Eidus  and  N.  D.  Zelinskii;  see  reference  31. 
c  S.  Weller;  see  reference  32. 
d  First  minute. 

« After  2-3  hr. 

/  First  5  hr. 
s  First  few  minutes. 
h  Twenty- 150  min. 


are  somewhat  inconsistent;  at  least  some  of  the  differences  are  due  to  the 
different  experimental  methods.  All  the  data  indicate  that  the  rate  o 
the  second  stage  of  carbiding  was  lower  than  the  rate  of  synthesis.  The 
data  of  Weller  indicate  that  the  initial  rate  of  carbiding  was  greater  than 
the  rate  of  synthesis,  and  thus  this  carbide  may  be  an  intermediate  in  the 
synthesis.  The  activation  energies  of  Weller  may  be  regarded  as  t  .le 
most  certain,  because  his  experimental  method  was  better  than  that  of 
either  Craxford  and  Rideal  or  Eidus  and  Zelinskii,  and  because  W  eller  » 
activation  energy  for  synthesis,  as  determined  by  is 
method,  agreed  satisfactorily  with  those  found  in  experiments 

catalyst-testing  reactors.33 

33  ft,  B.  Anderson,  A.  Krieg,  B.  Sclignian,  and  W.  O'Neill,  Ini.  Eng.  Che m„  39, 
1,545  (1947). 
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The  hydrogenation  of  cobalt  carbide  to  methane  was  very  much  more 
rapid  than  the  formation  of  carbide  from  carbon  monoxide,  as  shown  by 
the  data  of  Hofer  and  Weller  in  Figures  2,  3,  4,  and  20.  The  work  of 


ence  32. 

c^dlrp«4th  ThpalhdrmP0Siti0n  0f  CObalt  Carbide  bas  >**«  dis- 

tUfesea  on  p  474.  The  high  apparent  activation  energy  of  decomno^i 

r;rr““  “ 
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viously.  Podgursky,  Kummer,  DeWitt,  and  Emmett 22  observed  activa¬ 
tion  energies  for  the  formation  of  Hagg  carbide  with  carbon  monoxide 
that  varied  from  30  to  35  kcal  per  mole.  The  hydrogenation  of  carbides 
of  iron  is  usually  considerably  slower  than  their  formation. 

Eidus  34  compared  the  rates  of  carburization  and  synthesis  of  nickel- 
manganese-alumina,  cobalt-thoria,  and  iron-copper-thoria-potassium 
carbonate  catalysts,  all  of  which  were  supported  on  marshallite,  as  shown 
in  Table  12;  these  rates  were  compared  at  30  min  and  at  10  hr.  After 


Table  12.  Comparison  of  Rates  of  Synthesis  and  Carbiding  ° 


Rates  Based  on  Gas  Contraction 

Ratio  of  Rate  of 

Synthesis: 

Rate  of 

Carbiding 

Catalyst 

At  30  min 

At  10  hr 

At  30 

At  10 

Synthesis 

Carbiding 

Synthesis 

Carbiding 

min 

hr 

Cobalt  (190°- 
210°C) 

2. 4-4.0 

0.2-0. 8 

3. 2-3. 6 

0.07-0.18 

5.2-10.7 

19-46.5 

Nickel  (200°- 
210°C) 

3. 0-4. 5 

0 . 6-0 . 8 

3. 6-3. 8 

0.13-0.21 

5. 1-5.7 

17-29 

Iron  (230°- 
260  °C) 

1 .26-1.36 

0.6-0. 8 

1.3-1. 8 

1.16-0.23 

1. 6-2.1 

8 

a  Y.  T.  Eidus;  see  reference  34. 


10  hr,  the  rate  of  carbiding  had  decreased  to  about  one-fourth  oi  tire 
initial  rate,  but  the  rate  of  synthesis  remained  essentially  constant.  For 
cobalt  and  nickel  catalysts  the  ratio  of  the  initial  rates  of  synthesistcar- 
biding  was  more  than  5.  For  the  iron  catalyst  the  ratio  of  initial  rates 
of  synthesis :  carbiding  was  1. 6-2.1.  From  these  data,  Eidus  concluded 
that  the  synthesis  on  iron  catalyst  could  occur  by  a  carbide  intermediate 
mechanism,  but  that  the  carbide  mechanism  was  unlikely  lor  the  syn¬ 
thesis  on  cobalt  and  nickel  catalysts.  However,  Weller  found  that  the 
rate  of  carbiding  of  a  cobalt  catalyst  during  the  first  minute  was  greatei 
than  the  rate  of  synthesis.  Comparison  of  the  rates  ol  synthesis  am 
carbiding  is  not  /satisfactory  way  of  testing  the  carbide  hypothesis. 
For  example,  even  if  the  synthesis  does  proceed  by  a  carbide  mechanism, 

a  Y.  T.  Eidus,  Hull.  ac<ul.  sol.  U.U.S.S.,  CUuh  sci.  chim.,  41,  1110  (11112). 
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the  rates  of  carbiding  and  synthesis  may  be  dependent  upon  different 
rate-controlling  steps.  However,  these  experiments  indicate  that  car¬ 
bides  may  possibly  be  intermediates,  but  do  not  eliminate  other  reaction 

mechanisms. 


KINETICS  OF  THE  FISCHER-TROPSCH  SYNTHESIS 

Although  the  Fischer-Tropsch  synthesis  has  been  studied  extensively, 
many  aspects  of  its  kinetics  are  not  well  understood.  Many  of  the  ex¬ 
periments  reported  in  the  literature  were  improperly  designed  for  simple 
and  unambiguous  kinetic  interpretation.  Experiments  conducted  at 
“maximum  conversion  to  liquid  and  solid  hydrocarbons”  or  rather  com¬ 
plete  conversion,  while  of  practical  interest,  are  of  little  value  for  kinetic 
consideration. 

In  this  section  we  have  made  considerable  use  of  plots  of  per  cent  con¬ 
version  against  the  reciprocal  of  space  velocity  for  data  obtained  at  con¬ 
stant  temperatures,  and  in  some  cases  yields  expressed  as  grams  of 
product  per  cubic  meter  are  plotted  against  the  reciprocal  of  space  ve¬ 
locity.  Curves  of  this  type  usually  correlate  data  for  variation  of  flow 
or  volume  of  catalyst  at  constant  temperature  unless  mass  transfer  is  a 
rate-determining  step.  The  slope  of  these  curves  is  the  differential  re¬ 
action  rate,  expressed  as  volume  of  reactant  consumed  per  volume  of 
catalyst  per  hour,  and  these  rates  may  be  related  to  the  partial  pressures 
of  components  at  the  point  where  the  slope  of  the  conversion  curve  is 
determined. 


KINETICS  OF  THE  FISCHER-TROPSCH  SYNTHESIS  WITH 

NICKEL  CATALYSTS 

All  experiments  with  nickel  catalysts  reported  in  this  section  were 
made  at  atmospheric  pressure.  Fujimura  and  Tsuneoka  35  studied  the 
e^ct  of  H2:CO  ratio  on  the  synthesis  with  a  precipitated  nickel  catalyst 
( X 1  - M n- A1 2 03-k iesel guh r )  at  190°  and  200°C.  In  these  experiments 
the  extent  of  conversion  was  maintained  so  high  that  either  hydrogen  or 
carbon  monoxide  was  almost  completely  consumed,  and  hence  the  rate 
o  reaction  should  not  be  related  to  gas  composition.  The  usage  ratio 

°n  Tahle  n'VaSAabuUtui,°r  'VK'C  Va,iation5  of  «as  composition,  as  shown 
m  Table  13.  As  should  be  expected,  the  maximum  yield  per  unit  volume 
of  synthesis  gas  was  observed  for  2H2  to  ICO  gas. 

25,  137  (1934 )Um  ^  ^  Tsuntoka>  Scu  Paper*  Inst.  Phys.  Chem.  Research  (Tokyo), 
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Table  13.  Hydrogen  to  Carbon  Monoxide  Usage  Ratio  of  the  Fischer- 
Tropsch  Synthesis  on  Nickel  Catalysts  “ 


Hot  CO  Ratio  of 

Temperature, 

Usage  Ratio, 

Synthesis  Gas 

°C 

H2:CO 

0.315 

200 

1.16 

0.315 

210 

1.12 

0.932 

200 

1.73 

2.01 

200 

2.12 

2.63 

190 

2.31 

2.63 

200 

2.20 

4.74 

180 

2.38 

4.74 

190 

2.68 

°  K.  Fujimura  and  S.  Tsuneoka;  see  reference  35. 

6  Very  little  liquid  hydrocarbon  formed  under  these  conditions. 


Tsuneoka  and  Fujimura  36  varied  the  weight  of  charge  of  a  precipitated 
nickel  catalyst  (Ni-Mn-Th02-kieselguhr),  while  the  flow  of  synthesis 
gas  and  temperature  were  kept  constant.  These  data  for  2H2:  ICO  and 
1H2:  ICO  gas  are  presented  in  Figures  21  and  22,  respectively.  The  rate 


Figure  6-21.  Variation  of  gas  composition  and  yield  of  “benzine”  with  weight  of 
catalyst  charge  at  constant  flow  of  synthesis  gas.  Reproduced  from  reference  36. 


of  synthesis  was  not  very  dependent  upon  partial  pressures  of  reactants 
or  products,  since  the  rate  curves  were  nearly  linear  even  though  the 

36  S.  Tsuneoka  and  K.  Fujimura,  J.  Sac.  Chem.  Ind.  Japan,  37,  Suppl.  binding,  463 
(1934). 
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partial  pressures  varied  over  a  wide  range.  The  conversion-to-“ben- 
zine”  curve  flattened  when  about  80  per  cent  of  one  or  the  other  of  the 

reactants  was  consumed.  .  . 

Aicher,  Myddleton,  and  Walker  37  studied  the  synthesis  on  precipi¬ 
tated  nickel  catalyst  (Ni-Mn-Al203-kieselguhr-hydrolyzed  ethyl  ortho¬ 
silicate)  in  a  flowing  system,  using  2II2:1C0  and  1II2:1C0  gas  in  the 


Figure  6-22.  Variation  of  gas  composition  and  “benzine”  yield  with  weight  of 
catalyst  charge  at  constant  flow  of  synthesis  gas.  Reproduced  from  reference  36. 


temperature  range  181°-206°C.  In  Figure  23  the  formation  of  liquid 
hydrocarbons  per  cubic  meter  of  2H2:1C0  gas  is  plotted  against  the 
reciprocal  of  space  velocity  at  198°  and  205°C.  The  conversion  to  liquid 
hydrocarbons  increased  with  decreasing  space  velocity  (or  increasing 
amount  ol  catalyst  at  constant  flow),  the  increase  being  slightly  less 
than  linear.  Overall  activation  energies  for  the  synthesis  were  computed 
from  the  variation  of  the  flows  of  synthesis  gas  with  temperature  at  a 
constant  conversion.  Values  of  2G.5,  27.3,  and  29.1  kcal  per  mole  were 
obtained  at  conversions  to  GO,  100,  and  140  of  liquid  hydrocarbons  per 
ou  m,  respectively.  Similar  data  for  1H2:1C0  gas  (blue  water  gas)  at 
191  ,  201°,  20G',  and  207°C  are  presented  in  Figure  24.  These  data 
scattered  more  than  those  m  the  previous  figure,  and  the  rate  curve  was 
approximated  by  straight  lines  through  the  origin.  From  these  lines 
apparent  activation  energies  of  about  23  kcal  per  mole  were  computed, 
igures  23  and  24  are  similar  to  Figures  21  and  22,  and  these  also  in- 

cXontnl  rttte  ^  °n'y  S'ightly  depenilent  UP°"  Part»l  pressures  of 
313TA(10M)er'  "  '  W'  Myddlet0n'  and  J'  Walker'  J ■  «<*•  Che*.  Ind.  (, London ),  64, 
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Figure  6-23.  Yield  of  liquid  hydrocarbon  from  a  nickel  catalyst  as  a  function  of 
the  reciprocal  of  space  velocity.  Reproduced  from  data  of  reference  37. 


Figure  6-24.  Yield  of  liquid  hydrocarbons  from  a  nickel  catalyst  as  a  function  of 
the  reciprocal  of  space  velocity.  Reproduced  from  data  of  reference  37. 
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Aicher,  Myddleton,  and  Walker  plotted  the  space-time-yield  of  liquid 
hydrocarbons  against  integrated  averages  of  A/X,  where  A  is  the  con¬ 
centration  of  reactants  and  X  the  concentration  of  products,  as  shown  in 
Figure  25.  The  increase  in  space-time-yield  was  approximately  linear 


with  the  mean  of  A/X.  These 
data  appear  inconsistent  with  the 
data  of  Figures  21-24.  However, 
Figure  25  includes  only  the  data  for 
conversion  to  yields  of  liquid  hydro¬ 
carbons  greater  than  111  cc  per  cu 
m,  where  the  conversion  curves 
had  flattened  considerably.  In  this 
range  of  conversion,  it  is  possible 
that  hydrocracking  (described  in 
the  section  on  kinetics  of  cobalt 
catalysts,  pp  514-519)  was  occurring 
to  a  major  extent;  this  reaction, 
which  increases  with  the  concentra¬ 
tion  of  products  ( X ),  would  decrease 
the  space-time-yield.  The  conclu¬ 
sion  of  these  authors  that  the  rate  of 
reaction  was  decreased  by  adsorp¬ 
tion  of  hydrocarbon  products  is 
probably  not  correct.  Figure  25 
suggests  that  operation  in  stages 
with  the  liquid  hydrocarbon  prod¬ 
ucts  removed  after  each  stage  would 
be  advantageous,  and  at  low  flows 
of  synthesis  gas  experiments  in  two 
stages  gave  higher  yields  of  liquid 


Figure  6-25.  A  plot  of  space-time- 
yield  against  the  concentration  of  reac¬ 


tants  A  divided  by  the  concentration 
of  products  X.  Reproduced  by  per¬ 
mission  from  reference  37. 


hydrocarbons  at  the  same  flow  per 
total  volume  of  catalyst  than  in 
one-stage  operation. 

Myddleton  and  Walker  38  observed  that  the  usage  ratio  of  :  CO  in 

the  synthesis  with  nickel  catalysts  was  about  2  for  gases  containing  H2: 

CO  in  the  range  of  0.67-2.5:1.  Greater  initial  ratios  than  2.5  favored 

the  formation  of  methane  and  light  hydrocarbons.  Diluents  such  as 

nitrogen  and  excess  hydrogen  or  carbon  monoxide  tended  to  increase 

the  conversion  of  available  gas.  The  data  of  Figures  22  and  24 

indicate  that  large  amounts  of  carbon  monoxide  do  not  retard  the 
synthesis. 


38  "  '  "  •  Myddleton  and  J.  Walker,  ibid.,  55,  12 IT  (1936). 
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Prettre  and  coworkers  39- 390  reported  that  large  amounts  of  methane 
in  the  synthesis  gas  (25  per  cent  or  more)  not  only  decreased  the  amount 
of  methane  produced,  but  in  many  cases  methane  was  consumed  in  the 
synthesis  with  Ni-Al203(or  MnO)-kieselguhr  catalysts.  Figure  26  pre- 
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Figure  6-26.  Reproduced  by  permission  from  reference  39a. 

sents  the  moles  of  methane  consumed  to  moles  of  H2  +  CO  consumed 
as  a  function  of  hours  of  testing  for  five  experiments.  With  75  per  cent 
methane  at  190°C  and  50  per  cent  methane  at  175°C  the  results  for 

39  M.  Prettre,  Rev.  inst.  Prang.  p6trole  et  Ann.  combustibles  liquides,  2,  195  (1947); 
M.  Prettre,  C.  Eichner,  and  M.  Perrin,  Compt.  rend.,  224,  278  (1947). 

39a  M.  Perrin,  “Recherches  sur  les  syntheses  d’hydrocarbures  aliphatiques  a  l’aide 
dcs  melange  d’oxide  de  carbone  et  d’hydrogene,”  doctoral  dissertation  under  Prof. 
M.  Prettre,  University  of  Lyon,  1948. 
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methane  consumption  were  consistently  high,  approaching  a  ratio  of 
0.7CH4  to  ICO  consumed. 

With  high  concentrations  of  methane  or  at  lower  temperatures,  the 
consumption  of  methane  approached  the  maximum  ratio  ot  methane . 
carbon  monoxide  of  1  that  was  predicted  by  the  thermodynamic  data 
of  Prettre  (see  Table  13,  p  25,  Chapter  1).  Prettre  postulated  that  this 
reaction  occurs  by  the  dissociative  adsorption  of  methane  with  incorpora¬ 
tion  of  these  methyl  or  methylene  groups  into  the  hydrocarbon  mole¬ 
cules  being  formed  at  the  surface  of  the  catalyst. 

Craxford  40  has  reported  that  methane  is  incorporated  in  the  synthesis 
on  cobalt  catalysts.  A  cobalt  catalyst  was  tested  alternately  with  syn¬ 
thesis  gas  plus  50  per  cent  methane  and  with  50  per  cent  of  nitrogen. 
The  yield  of  oil  was  increased  slightly  and  the  yield  of  gasol  more  than 
four-fold  by  the  presence  of  the  methane.  Craxford  stated  that  these 
results  would  be  expected  if  methane  were  dissociatively  adsorbed  and 
participated  in  a  polymerization-depolymerization  equilibrium  at  the 
catalyst  surface.  However,  recent  studies  of  Emmett  and  Kummer  41 
indicate  that  methane  is  not  incorporated  on  iron  and  cobalt  catalysts. 
A  mixture  of  synthesis  gas  and  50  per  cent  methane  containing  radio¬ 
active  C14H4  was  circulated  over  the  catalyst,  and  the  higher  hydro¬ 
carbons  produced  were  analyzed  for  C14.  These  products,  in  no  case, 
showed  appreciable  radioactivity.  This  tracer  method  is  very  much 
more  reliable  than  comparison  of  net  changes  in  gas  composition,  be¬ 
cause  analysis  of  these  complex  gas  mixtures  by  Orsat-type  analytical 
methods  is  possibly  of  somewhat  uncertain  accuracy.  However,  Per¬ 
rin  39a  states  that  the  incorporation  of  methane  is  very  sensitive  to  the 
catalyst  composition  and  the  method  of  preparation  and  pretreatment, 
and  that  the  inconsistency  in  the  data  from  the  different  laboratories 
may  be  related  to  these  factors. 


COBALT  CATALYSTS 


Kinetics 

In  many  respects  the  kinetics  of  the  Fiseher-Tropsch  synthesis  on 
cobalt  and  on  mckel  catalysts  are  similar.  The  hydrogen :  carbon  monox- 
de  usage  rat.o  vanes  from  2.1  to  2.2  over  wide  ranges  of  flow,  tempera- 
ure,  gas  composition,  pressure,  and  catalyst  composition.11.42.*2 
40  S.  R.  Craxford,  Fuel,  26,  119  (1947). 

I  m  ?,Emraett  7'1  JdT'  Kummer.  Private  communication. 

«s'w»t»maK  a,Td  at  B;  Anders°n,  Ind.  Eng.  Chem.,  to  be  published, 
binding,  70  (1935).  ’  '  ^  lem-  ^ nt ^  Japan,  38,  Suppl. 
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Murata  and  Tsuneoka  44  studied  the  effect  of  variation  of  flow  and 
weight  of  catalyst  on  the  activity  and  selectivity  of  a  Co:Ni:Si  (100: 
100.200)  skeletal-type  catalyst.  The  conversion  curves  did  not  increase 
alter  80-85  per  cent  of  the  reactants  was  converted,  as  shown  in  Figure 
27,  and  the  yield  ol  “benzine”  was  approximately  directly  proportional 
to  the  conversion  up  to  this  point. 

the  variation  of  the  extent  of  conversion  with  the  reciprocal  of  space 
velocity  tor  a  standard  Co-  1  h02-kieselguhr  catalyst  is  somewhat  similar 
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Figure  6-27.  Variation  of  gas  composition  and  conversion  with  weight  of  catalyst 
charge  at  constant  flow  of  synthesis  gas.  Reproduced  from  reference  44. 


to  that  observed  on  nickel  catalysts,  as  shown  in  the  data  ot  Anderson, 
Krieg,  Friedel,  and  Mason  45  in  Figure  28.  The  percentage  conversion 
increased  uniformly  as  the  space  velocity  was  decreased.  With  3.5H2. 
ICO  gas  the  conversion  curves  were  approximately  linear,  and  they 
flattened  out  when  00-70  per  cent  of  the  carbon  monoxide  was  con¬ 
sumed.  With  2H2:  ICO  and  1H2:  ICO  gas  the  conversion  plot  was  not 
linear;  however,  within  the  accuracy  ol  the  data,  considerable  portions 
of  the  curves  could  be  represented  by  straight  lines.  Thus,  the  rate  ot 
synthesis  was  not  greatly  dependent  upon  the  partial  pressures  ot  re¬ 
actants  and  products,  which  varied  considerably  over  the  catalyst  bed. 
This  is  shown  in  Figures  29,  30,  and  31,  in  which  the  partial  pressures  ot 
the  reactants  and  products,  the  apparent  contraction,  and  the  liters  of 


«  Y.  Murata  and  S.  Tsuneoka,  Set.  Papers  Inst.  Phys.  Chem.  Research  (Tokyo),  30, 
40  (1935):  Y.  Murata,  S.  Ishikawa,  and  S.  Tsuneoka,  ibid.,  30,  52  (1935). 

45  It.  B.  Anderson,  A.  Krieg,  R.  A.  Friedel,  and  L.  S.  Mason,  Ind.  Eng.  them.,  41, 


2,189  (1949). 
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gas  consumed  per  hour  are  plotted  as  a  function  of  bed  length.  These 
data  represent  a  portion  of  those  presented  in  Figure  28.  The  experi¬ 
ments  with  different  gas  compositions  in  Figures  28  and  31  were  made 


Variati°ni°ffthLe  eXtent  of  conversion  of  hydrogen  plus  carbon  mon¬ 
oxide  with  the  reciprocal  of  the  space  velocity  for  Co-Th()2-kieselguhr  catalyst  at 
a  mosphenc  pressure  with  synthesis  gas  having  ratios  of  H2:CO  of  3.5,  2,  and  0  9 
Reproduced  by  permission  from  reference  45. 


at  different  periods  in  the  life  of  the  catalyst,  and  thus  should  not  Ire 
compared  with  respect  to  the  influence  of  composition  of  synthesis  <ms 
1.0  rate  o  synthesis  The  factors  governing  the  formation  of  methane 
and  carbon  d.oxtde  will  be  discussed  later  in  this  section 
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Erosejev,  Runtso,  and  Volkowa  46  found  that  the  rate  of  synthesis  on 
a  cobalt-thoria-silica  gel  catalyst  at  atmospheric  pressure  and  200°C 


varied  linearly  with  the  reciprocal  of  space  velocity  in  the  range  of  con¬ 
version  of  25-45  per  cent,  as  shown  in  Figure  32.  This  appears  to  be 
only  a  linear  portion  of  the  type  of  conversion  curves  shown  in  Figure  28. 

46  B.  V.  Erosejev,  A.  P.  Runtso,  and  A.  A.  Volkowa,  Acta  Physicochim.  U.R.S.S., 
13,  111  (1940). 
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From  Figures  28-31,  it  may  be  inferred  that  the  rate  of  synthesis  is 
not  greatly  dependent  upon  the  total  operating  pressure.  The  rate  of 


Figure  6  30  Test  10.  A  plot  of  partial  pressures  of  reactants  and  products 
apparent  contractjons,  and  integral  reaction  rate  as  a  function  of  bed  length  ^ 
Co . TI1O2 •  kieselguhr  catalyst  108B  with  1.96H.>  to  ICO  sras  at  1Q9°r  o  f 
velocity  o,  49.5^  hoar.  0.005  1 

pe)  hr.  Reproduced  by  permission  from  reference  45. 


synthesis  above  atmospheric  pressure  was  virtually  independent  of 
operating  pressure  on  cobalt  catalysts  supported  on  kieselguhr  “but  wa 
deer  ased  by  pressure  on  other  types  of  cobalt  catalysts-  At  pressure 
ess  than  atmospheric  the  rate  of  synthesis  was  dependent  upon  total 
47  F.  Fischer  and  H.  Pichler,  Brennstoff-Chem.,  12,  365  (1931). 
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pressure.  Fischer  anil  Pichler  found  that,  at  the  same  temperature,  the 
contraction  observed  at  atmospheric  pressure  and  a  given  space  velocity 
was  obtained  at  3  atm  when  the  space  velocity  was  decreased  to  This 


Figure  6-31.  Test  15.  A  plot  of  partial  pressures  of  reactants  and  products, 
apparent  contractions,  and  integral  reaction  rate  as  a  function  ot  bed  length  for 
Co: Th02 : kieselguhr  catalyst  108B  with  0.90H2  to  ICO  gas  at  197  C  and  space 
velocity  of  24.1  per  hour.  Inflow  was  0.0316  1  (STP)  per  g  of  unreduced  catalyst 
per  hr.  Reproduced  by  permission  from  reference  45. 


suggests  that  in  this  range  of  pressure  the  rate  was  proportional  to  total 
pressure  Weller  48  found  that  the  rate  of  synthesis  on  a  cobalt-thoi  m- 
kieselguhr  catalyst  varied  with  the  total  pressure  to  the  0.45  power, 
from  0  4  to  0.9  atm.  However,  Ruhrchemie  tests  of  a  cobalt-thoi  la- 


48  s.  Wdler,  in  II.  II.  Storch  et  al.,  U.  S. 

49  T.O.M.  Reel  36,  Bag  3,451,  Item  13. 


Bur.  Mines  Tech.  Paper  709  (1948),  p  44. 
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magnesia-kieselguhr  catalyst  described  in  lable  3  of  C  haptei  4  indicate 
that  the  rate  of  synthesis  was  constant  from  0.2  to  7.0  atm.  I  hus,  theie 
appears  to  be  some  uncertainty  as  to  the  pressure  below  which  the  rate 
begins  to  decrease.  This  difference  may  be  related  to  t  he  partial  pressure 
of  products  in  the  gas  phase,  since  the  experiments  ol  Weller  were  made 


Figure  6-32.  Variation  of  real  contraction  with  reciprocal  of  flow  on  a  cobalt- 
thoi  ia-silica  gel  catalyst.  Reproduced  from  data  of  reference  46. 


at  high  flows  with  conversions  of  1-2  per  cent,  whereas  the  Ruhrchemie 
tests  were  made  at  low  space  velocities  and  about  GO  per  cent  conversion 

At  pressures  above  30  atm,  the  activity  decreased  rapidly,  probably  be¬ 
cause  of  carbonyl  corrosion.50 


At  atmospheric  pressure  with  2H2:1C0  or  gases  containing  larger 
fractions  of  hydrogen,  cobalt  catalysts  remained  active  for  10  or  more 
days,  but  with  1H2:  ICO  gas  the  activity  decreased  more  rapidly.  How- 
eve]  m  the  medium-pressure  range,  the  activity  remained  relatively 
constant  for  periods  ol  several  months  with  all  gas  mixtures.  Y 

n  a  Static  system,  Craxford  and  Hideal  *»  found  that  the  rate  of  syn¬ 
thesis  on  a  cobalt  catalyst  at  constant  temperature  was  at  a  maximum 
K  Fischer  and  H.  Pichler,  Brennstoff-Chem.,  20,  41  (1939). 
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for  a  gas  containing  about  2H2:  ICO.  Seligman  42  studied  the  influence 
of  gas  composition  on  the  rate  of  synthesis  on  a  Co-Th02-kieselguhr 
catalyst  at  constant  temperature  and  flow  of  synthesis  gas.  The  extent 
of  conversion  varied  from  10  to  20  per  cent,  so  that  neither  of  the  re¬ 
actants  was  completely  consumed.  The  volumes  of  hydrogen  plus 
carbon  monoxide  consumed  per  hour  were  23.6,  24.6,  and  17.7  cc  (STP) 


Figure  6-33.  Variation  of  space-time-yield  with  temperature.  Data  are  for  the 
first  stage  of  a  two-stage  operation.  Constructed  from  data  of  reference  51. 


per  g  of  catalyst  at  170°C  for  3H2:  ICO,  2H2:  ICO,  and  1H2:  ICO  gases, 
respectively. 

The  effect  of  diluents  on  conversion  has  been  discussed  in  Chapter  4, 
pp  329-336.  Tentative  conclusions  about  the  effect  of  diluents  may  be 
summarized  as  follows:  (a)  In  tests  at  constant  total  flow  of  synthesis 
gas  plus  diluent,  the  percentage  conversion  of  the  synthesis  gas  in¬ 
creased,  but  the  space-time-yield  of  the  reaction  decreased  wit  in¬ 
creasing  amounts  of  diluent.  (6)  In  tests  at  constant  flow  of  synthesis 
gas  both  the  percentage  conversion  and  space-time-yield  decreased  wit 

increasing  amounts  of  diluent. 

The  rate  of  synthesis  is  strongly  dependent  upon  temperature.  The 
variation  of  rate  with  temperature  on  a  Co-Th02-MgO-kieselguhr  cata- 
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lyst  with  2H2:1C0  gas  at  atmospheric  pressure  was  studied  in  a  flowing 
system  by  Anderson,  Krieg,  Seligman,  and  O’Neill.33  The  flow  of  gas 
and  temperature  were  varied  to  maintain  the  percentage  conversion  ap¬ 
proximately  constant,  and  apparent  activation  energies  were  computed 
from  the  space-time-yields  and  temperatures  at  constant  percentage 
conversion.  For  constant  percentage  conversions  varying  from  15  to 
75  per  cent,  apparent  activation  energies  of  25  ±  1  kcal  per  mole  were 


o  1  2  3  0  12  3 

GAS  RATE,  LITERS  PER  GRAM  OF  COBALT  PER  HOUR 

Figure  6-34.  Formation  of  liquid  hydrocarbons  and  carbon  dioxide  with  a  Co- 
ThCb-MgO-kieselguhr  catalyst  with  2H2  to  ICO  gas  at  185°C  as  a  function  of  flow 
rate.  Reproduced  by  permission  from  reference  52. 


found.  Weller  32  found  similar  activation  energies  for  a  Co-ThOo-kiesel- 
guhr  catalyst  at  atmospheric  pressure  with  2H2:1C0  gas  at  high  space 
velocities  and  low  conversions  (1-2  per  cent).  At  7.8  atm,  Seligman  42 
found  an  activation  energy  of  20.0  kcal  per  mole  for  a  Co-Th02-MgO- 
vieselguhr  catalyst  with  2H2:1C0  gas.  An  activation  energy  of  24  3 
kcal  per  mole  was  computed  from  the  first  stage  of  a  two-stage  test  of 
Fischer  and  Pichler  -  with  a  Co-Th02-kieselguhr  catalyst  with  2H2 :  ICO 

tTgiven  in  Figure  aT  ^  ^  aCCOrding  to  the  Arrhenius  equation 

caitnlflL^CraXf°rn52reT  thC  f°rmati°n  of  licluid  hydrocarbons  and 
<>\i(  c  on  a  Co-Th02-MgO-kieselguhr  catalyst  with  2H2:1C0 

F  Fischer  and  H.  Pichler,  ibid.,  20,  221  (1939). 

62  S.  R.  ( 'raxford,  Trans.  Faraday  Soc.,  42,  576  (1946). 
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gas  at  atmospheric  pressure  and  185° C  are  presented  in  Figure  34.  The 
synthesis  gas  was  probably  fairly  completely  consumed  at  a  flow  of  1  1 
per  g  per  hr.  At  lower  flows  the  yield  of  liquid  hydrocarbons  decreased, 
and  the  yield  ot  carbon  dioxide  increased.  Craxford  postulated  that 
hydrocracking  of  liquid  hydrocarbon  anti  the  water-gas  reaction  occurred 
in  the  portion  ol  the  catalyst  bed  not  actively  engaged  in  the  synthesis. 
The  surface  of  this  portion  of  the  catalyst  was  postulated  to  consist  of 
cobalt  atoms,  as  compared  with  cobalt  carbide  for  the  catalyst  surface 
engaged  in  the  synthesis.  Previously,  Watanabe,  Morikawa,  and 
Igawa  43  observed  that  the  yields  of  liquid  products  per  cubic  meter 
passed  through  a  maximum  as  the  space  velocity  was  decreased,  as  shown 
in  Table  14.  The  space-time-yield  increased  with  increasing  space 
velocity. 


Table  14.  Variation  of  Yield  with  Space  Velocity  with  a  Co-Cu-ThOo 

Catalyst  at  Atmospheric  Pressure  a 

(Temperature  =  197°C.) 


Yield 

Space-Time- 
Yield  of  Liquid 

Water 

,  Liquid 

Space 

Contraction, 

g  per 

Hydrocarbons, 

Hydrocarbons, 

Velocity 

per  cent 

cu  m 

g  per  cu  m 

mg  per  hr 

105 

83.5 

195 

92 

76 

147 

82.9 

193 

109 

123 

226 

71 .9 

169 

78 

136 

320 

55.3 

134 

56 

138 

3.  Watanabe, 

K.  Morikawa, 

and  S.  Igawa; 

see  reference  43. 

Koelbel  and  Engelhardt 53  studied  the  production  of  water  and  carbon 
dioxide  on  a  cobalt-thoria-kieselguhr  catalyst.  With  2H2:lCO  gas  at 
180°C  the  space  velocity  was  decreased  from  100  to  10,  and  the  produc¬ 
tion  of  C02  increased  about  twenty-fold.  Thus,  at  a  space  velocity  of 
10  with  gases  containing  ratios  of  H2:CO  of  1.8,  1.1,  0.8,  and  0.6,  the 
percentages  of  the  synthesis  proceeding  by  reactions  that  eventually 
produced  carbon  dioxide  were  19,  51,  77,  and  99  per  cent,  respectively. 
These  workers  concluded  that  carbon  dioxide  was  produced  by  a  sec¬ 
ondary  water-gas  reaction  which  was  favored  by  high  partial  pressures 
of  carbon  monoxide  and  water  vapor.  These  data  cannot  be  adequately 
explained  by  Craxford’s  carbide  theory.  The  water-gas  reaction  ^  a, 
studied  by  Koelbel  and  Engelhardt  with  mixtures  ot  lC0.1H2O  at 
240°C,  and  it  was  found  that  the  reduced  catalyst  was  more  active  in  ie 
water-gas  reaction  than  a  catalyst  used  for  one  day  in  the  synthesis,  a 

6.1  h.  Koelbel  and  F.  Engelhardt,  Erdol  u.  Kohle,  2,  52  (1949). 
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catalyst  converted  to  cobalt  carbide  by  carbon  monoxide  treatment  at 
270°C  had  a  considerably  lower  activity  than  the  used  catalyst.  A 
catalyst  used  in  synthesis  for  100  hr  was  studied  in  the  water-gas  re¬ 
action  with  ICO:  1H20  gas  at  various  temperatures,  as  shown  in  Figure 
35.  The  water-gas  reaction  was  not  rapid  in  the  range  of  temperatures 
normally  used  with  cobalt  catalysts,  ie,  180°-200°C. 


Figure  6-35.  Conversion  of  carbon  monoxide  in  a  mixture  of  carbon  monoxide 
and  water  vapor  on  a  used  cobalt  catalyst  as  a  function  of  temperature.  Reproduced 

by  permission  from  reference  53. 


Anderson,  Krieg,  F  riedel,  and  Mason  45  determined  the  production  of 
methane  and  carbon  dioxide  as  a  function  of  bed  length  with  a  Co- 
Th02-kieselguhr  catalyst,  at  atmospheric  pressure.  The  yields  of  meth¬ 
ane,  expressed  as  grams  ol  methane  produced  per  cubic  meter  of  hy¬ 
drogen  plus  carbon  monoxide  consumed  in  each  interval  of  the  catalyst 
)od,  aro  plotted  aganist  bed  length  in  Figures  30,  37,  and  38.  With 

r  r  C?v  FlgUre  3G)  the  differential  production  of  methane  was 
ngi  m  the  first  part  of  the  bed,  passed  through  a  minimum,  and  in¬ 
creased  at  the  exit  end  of  the  bed.  With  3H2:  ICO  gas  (Figure  37)  the 
yield  ol  methane  increased  throughout  the  bed,  exceeding  f79  g  per  cu 
n  of  hydrogen  plus  carbon  monoxide  consumed  in  tests  5  and  7.  A  yield 
°  1/9  g  per  cu  m  is  the  highest  one  possible  for  hydrogenat ion  of  oxides 
of  carbon  by  the  reaction,  3H,  +  CO  =  CH4  +  i  1,0*0,  411,  +  CO  = 
1  +  2II20.  Since  the  methane  yield  exceeded  179  g  per  cu  m,  at  least 
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Figure  6-36.  Differential  formation  of  methane-bed  length  curves  for  tests  8,  10, 
and  11  with  2H2  to  ICO  gas.  The  methane  yields  are  expressed  in  grams  per  cubic 
meter  of  H2  plus  CO  consumed.  Reproduced  by  permission  from  reference  45. 
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a„d  7  WJ*  CO  consumed.  The  arrows  indicate  the  position  with,,,  the  bed 

“Z  the  —  of  carbon  monoxide  had  decreased  below  0.01  atm.  Reproduced 

by  permission  from  reference  45. 
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part  of  it  must  be  formed  by  hydrocracking,  as  postulated  by  Craxford.62 
With  1 H2 : 1  CO  gas  (Figure  38)  the  differential  yields  of  methane  were 
lower  than  in  tests  with  gas  containing  more  hydrogen,  and  the  methane 
yields  either  remained  constant  or  decreased  with  length  of  catalyst  bed. 
The  methane  curves  have  been  extrapolated  to  zero  bed  length.  Al¬ 
though  there  is  considerable  uncertainty  in  this  extrapolation,  the  ex¬ 
tended  curves  indicate  that  at  least  part  of  the  methane  is  formed  by 


0  10  20  30  4  0  50  60  70  8  0  90 

BED* LENGTH,  CENTIMETERS 

Figure  6-38.  Differential  formation  of  methane-bed  length  curves  for  tests  14,  15, 
and  16  with  O.9H2  to  ICO  gas.  The  methane  yields  are  expressed  in  grams  per 
cubic  meter  ot  H2  plus  CO  consumed.  Reproduced  by  permission  from  reference  45. 


primal  y  processes.  The  production  of  methane  increased  with  in¬ 
neasing  partial  pressures  ot  hydrogen  and  hydrocarbon  products.  An 
increase  in  temperature  increased  the  yield  of  methane. 


The  yields  of  carbon  dioxide,  expressed  as  grams  of  carbon  dioxide  per 
cubic  meter  of  carbon  monoxide  consumed  in  each  interval  of  the  bed 
are  plotted  against  bed  length  in  Figures  39,  40,  and  41.  This  definition 
of  carbon  dioxide  formation  was  necessary,  since  no  change  occurs  in 
the  number  of  moles  of  hydrogen  plus  carbon  monoxide  in  the  water- 
gas  reaction.  In  all  three  figures,  the  yields  of  carbon  dioxide  increased 
with  bed  length,  »e,  with  increasing  partial  pressure  of  water  vapor.  In 

"nt  .  °‘  ,F'gUre  39  the  yfeld  ol  carbon  dioxide  exceeded  the 

nghest  possible  value  for  hydrogenation  reactions.  With  3  5H,  •  ICO  eis 

F,gure  40,  carbon  dioxide  was  formed  in  sizable  amounts  imtil  ah  th 
car  bon  monoxide  had  been  consumed.  Beyond  this  point,  as  indicated 
by  arrows,  carbon  diox.de  was  consumed,  presumably  by  h^lrogenaUon 
since  the  partial  pressures  in  the  gas  stream  were  such  that  the  reverse 
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of  the  water-gas  reaction  should  not  occur.  Chiefly  methane  was  pro¬ 
duced  in  this  portion  of  the  bed  (Figure  37).  For  equal  percentage  con¬ 
version,  ie,  equal  partial  pressures  of  water  vapor,  the  production  of 
carbon  dioxide  was  greater  for  gases  containing  higher  partial  pressures 
of  carbon  monoxide.  Thus,  the  production  of  carbon  dioxide  was 


Figure  6-30.  Differential  formation  of  carbon  dioxide-bed  length  curves  for  tests 
8  10  and  11  with  2H2  to  ICO  gas.  The  carbon  dioxide  yields  are  expressed  as 
grains  per  cubic  meter  of  carbon  monoxide  consumed.  Reproduced  by  permission 

from  reference  45. 


favored  by  high  partial  pressures  of  water  vapor  and  carbon  monoxide. 
Extension  of  the  carbon  dioxide  curves  to  zero  bed  length  indicated  that 
at  least  part  of  the  carbon  dioxide  was  produced  by  primary  processes 
To  summarize  these  data,  methane  and  carbon  dioxide  were  produced 
throughout  the  catalyst  bed,  at  least  in  part  by  primary  processes. 
Methane,  which  was  also  produced  by  hydrocracking,  was  favored  by 
high  partial  pressures  of  hydrogen  and  hydrocarbon  products  or  pos¬ 
sibly  high  ratios  of  the  partial  pressures  ol  these  substances  to  the  pal  ta 
pressure  of  carbon  monoxide.  At  least  part  of  the  carbon  dioxide  was 
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Figure  0-40.  Differential  formation  of  carbon  dioxide-bed  length  curves  for  tests 
4,  5,  and  7  with  3.5H2  to  ICO  gas.  The  carbon  dioxide  yields  are  expressed  as 
grams  per  cubic  meter  of  carbon  monoxide  consumed.  The  arrows  indicate  the 
position  within  the  bed  where  the  pressure  of  carbon  monoxide  had  decreased  below 
0.01  atm.  Beyond  these  points  in  the  bed  carbon  dioxide  was  consumed.  Reproduced 

by  permission  from  reference  45. 
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produced  by  a  secondary  water-gas  reaction;  carbon  dioxide  production 
was  favored  by  high  partial  pressures  of  water  vapor  and  carbon  monox¬ 
ide  or  possibly  high  ratios  of  these  constituents  to  the  partial  pressure 
of  hydrogen.  When  the  carbon  monoxide  had  been  almost  completely 
consumed,  the  carbon  dioxide  was  hydrogenated.  This  observation 
agrees  with  experiments  of  Fischer  and  Pichler  54>  55  in  which  carbon  diox¬ 
ide  was  not  hydrogenated  in  the  presence  of  carbon  monoxide.  The  car¬ 
bide  theory  of  Craxford  30- 52  does  not  appear  to  explain  satisfactorily 
methane  and  carbon  dioxide  production.  The  experiments  involving 
the  incorporation  of  methane  (p  504)  neither  confirm  nor  deny  the  car¬ 
bide  theory,  but  these  data  may  support  the  polymerization-depolymeri- 
zation  mechanism  advanced  by  Craxford.30 


Physical  and  Chemical  Nature  of  Used  Cobalt  Catalysts 

In  the  synthesis,  the  pores  of  cobalt  catalysts  are  at  least  partially 
filled  with  hydrocarbons  that  are  probably  liquid  at  synthesis  tempera¬ 
tures.  Surface  area,  density,  and  pore  volume  studies  of  a  Co-rh02- 
MgO-kieselguhr  catalyst  after  use  in  the  synthesis  and  after  hydrogen 
treatment  are  reported  in  Tables  15  and  16.  The  catalyst  was  used  in 
the  synthesis  with  2H2:lCO  gas  at  atmospheric  pressure  for  11  weeks, 
with  hydrogen  reactivation  at  200°C  after  each  weekly  period.  After 
4  days  of  operation  in  the  twelfth  week,  the  catalyst  was  iemo\ed  horn 
the  converter  and  transferred  in  an  inert  atmosphere  to  suitable  adsorp¬ 
tion  and  density  tubes. 

The  data  in  Table  15  show  that  after  use  in  the  synthesis  the  area  of 
the  catalyst  was  only  5.4  per  cent  of  that  observed  after  the  initial  re¬ 
duction.  Mild  hydrogen  reactivation  at  200°C  restored  the  surface  area 
to  91  8  per  cent  of  the  value  for  the  catalyst  in  its  original,  reduced  state. 
Subsequent  reduction  at  400°C  under  the  conditions  used  for  the  India 
reduction  of  the  catalyst  almost  restored  the  surface  area  to  the  initial 
value  in  the  reduced  state.  The  ratio  of  volume  of  chemisorbed  carbon 
monoxide  (Too)  to  physically  adsorbed  nitrogen  (l'„)  varied  from  0 
to  0  21  The  ratio  increased  with  increasing  surface  area  ol  the  sample 
After  use  in  synthesis,  the  helium  density  and  pore  volume  (volume  of 
pores  with  openings  smaller  than  5  microns  in  diameter;  see  p  5U, 
Chapter  2)  were  much  lower  and  the  mercury  density ■  wm ’  tha.  _ 

the  corresponding  values  in  the  ongina  ,  ie  uce  ^  Thus  the  sur- 
reduction  at  400°C,  these  values  were  nearly  resto  ed'  ,  ,  ’  fte].  re. 
face  area,  densities,  and  pore  volume  ol  the  used  catalyst  alter 

64  F.  Fischer  and  H.  Pichler,  Brennstoff-Chem.,  14,  306  (1933). 

w  H.  Pichler,  ibid.,  24,  39  (1943). 
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Table  15.  Absorption  Data  for  Reduced  and  Used  Cobalt  Catalyst  89FF  a,b 
(All  adsorption  data  per  gram  of  unreduced  catalyst.) 


Treatment 

Cumu¬ 
lative 
Weight 
Loss,* 
per  cent 

Surface 
Area, 
sq  m 
per  g 

Vm,d 
cc  per  g 

Vco,‘ 
cc  per  g 

^co 

vm 

Reduced  2  hr,  H2  at  400 °C, 

SVH  =  6,000  / 

80.8 

18.45 

3.2 

0.173 

Used: 

(a)  plus  12  weeks  of  synthesis 

0.0 

4.36 

1.00 

0.13 

0.130 

( b )  plus  2  hr  of  H2  at  200  °C, 

SVH  =  200 

23.5 

70.5 

16.1 

2.7 

0.168 

(c)  plus  20  hr  of  H2  at  200  °C, 

SVH  =  200 

23.7 

74.2 

16.9 

3.2 

0.189 

( d )  plus  2  hr  of  H2  at  400 °C, 

SVH  =  6,000 

25.3 

79.1 

18.1 

3.8 

0.210 

“  Cobalt  :thoria: magnesia rkieselguhr  =  100:6:12:200. 
b  R.  B.  Anderson,  W.  K.  Hall,  A.  Krieg,  and  B.  Seligman;  see  reference  13. 
c  Weight  based  on  weight  of  used  catalyst  as  removed  from  converter. 
d  Volume  of  nitrogen  corresponding  to  a  physically  adsorbed  monolayer,  cc  (STP). 
e  Volume  of  carbon  monoxide  chemisorbed  at  -  195°C,  cc  (STP). 

1  sPace  velocity  per  hr,  volumes  of  gas  (STP)  per  volume  of  catalyst  per  hr. 


Table  16.  Density  and  Pore  Volume  Data  on  Reduced  and  Used  Cobalt 

Catalyst  89FF  a'b 


Treatment 

a.  Reduced  2  hr  at  H2  at  400 °C, 

SVH  d  =  6,000 

b.  Used:  (a)  plus  12  weeks  of  synthesis 

( b )  plus  2  hr  of  H2  at  200  °C 
SVH  =  200 

(c)  plus  2  hr  of  H2  at  400 °C, 
SVH  =  6,000 

Cobalt .  thoria :  magnesia :  kieselguhr 


c. 


d. 


Cumu¬ 
lative 
Weight 
Loss,* 
per  cent 

^He, 

g 

per 

cc 

^Hg, 

g 

per 

cc 

Pore 
Volume, 
cc  per  g 

0.0 

3.031 

1.891 

1.138 

1.471 

0.549  e 
0.151  / 
(0.201) * 

23.8 

2.881 

25.5 

3.007 

1.112 

0.566* 

,  r>  *" - “ ’ llia&uc°ia •  aieseigunr  =  100:6:12:200 

R.  B  Anderson,  W.  K.  Hall.  A.  Krieg,  and  B.  Seligman;  *0  reference  13 

values  were 'obtained  with'a'di^erenTno  “  !'°m0vud  trom  converter.  These 

d Space  velocity  per  l,r  votomes  of  ™  (STPI  catalyst  f™n  lhat  in  Table  15. 
;  Pore  volume,  c!  per  g  of  ZZd  cZt^  ^  °'  ^  hr' 

Pore  volume,  cc  per  g  of  catalyst  as  removed  from  converter. 
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reduction  at  400°  C  were  nearly  identical  with  those  of  the  original  re¬ 
duced  catalyst.  Thus,  the  catalyst  had  not  sintered  or  disintegrated  to 
an  appreciable  extent  in  11  weeks  of  testing. 

The  volumes  of  mercury  displaced  by  the  used  catalyst  before  and 
after  hydrogenation,  per  unit  weight  of  cobalt,  were  identical,  indicating 
that  the  adsorbed  hydrocarbons  were  located  within  the  pellet  in  the 
space  not  penetrated  by  mercury  and  not  on  the  external  surface  of  the 
catalyst.  At  30° C,  65  per  cent  of  the  pore  volume  of  the  used  catalyst 
was  filled  with  hydrocarbons.  Since  it  is  probable  that  the  density  of 
this  wax  did  not  decrease  more  than  25  per  cent  on  being  heated  to 
183°C,  and  that  the  density  of  the  catalyst  changed  by  a  considerably 
smaller  amount,  about  80  per  cent  of  the  pore  volume  was  probably 
filled  at  183°C.  The  hydrocarbons  removed  by  hydrogenation  had  a 
density  of  0.90,  as  calculated  from  change  in  weight  and  change  in  vol¬ 
ume  of  helium  displaced.  This  value  was  in  agreement  with  the  den¬ 
sities  of  soft  and  hard  paraffins  from  atmospheric-pressure  synthesis, 
0.90  and  0.93,  respectively,  as  reported  by  Pichler.23 


The  data  in  Tables  15  and  16  show  definitely  that  the  catalyst  surface 
in  its  normal  condition  of  operation  at  atmospheric  pressure  is  heavily 
covered  with  hydrocarbons.  At  atmospheric  pressure,  the  rate  of  syn¬ 
thesis  as  a  function  of  time  is  characterized  by  a  short  initial  period  of 
high  activity,  a  longer  period  of  2  or  more  weeks  at  a  somewhat  lower, 
relatively  constant  activity,  and  finally  a  short  period  of  decreasing 
activity  at  the  end  of  which  reactivation  is  necessary.56  Craxford  52 
suggests  that  this  final  rapid  loss  in  activity  occurs  when  the  pores  be¬ 
come  completely  filled  with  wax. 

In  pressure  operation,  the  catalyst  is  believed  to  be  completely  filled 
with  hydrocarbon  product  at  all  times.52  Experimental  data  given  in 
Table  17  indicate  that  the  activities  57  of  pelleted  cobalt  catalysts  at  an 
operating  pressure  of  1  atm  are  equal  to  or  slightly  greater  than  at  /.8 
atm  Pelleted  catalysts  produced  greater  percentages  of  methane  and 
light  hydrocarbons  at  7.8  atm  than  at  1  atm,  but  for  granular  catalysts 
the  product  distribution  was  the  same  under  both  conditions. 

Table  18  presents  data  for  a  test  of  a  pelleted  catalyst  operated  al¬ 
ternately  at  1  and  7.8  atm.  The  data  show  that  the  activity  of  the 
catalyst  at  7.8  atm,  as  indicated  by  the  synthesis  temperature,  was  es¬ 
sentially  the  same  as  it  was  during  each  previous  period  at  atmospheric 
pressure  However,  the  activity  in  each  period  at  atmospheric  pressure 


^  „  ,,  id  T  smith  J  Soc  Chew.  Ind.  (London),  65,  128  (1946). 

perature  of  operation  corresponds  to  the  gi eater  activi  y. 


Physical  and  Chemical  Nature  of  Used  Cobalt  Catalysts  523 


Table  17.  Effect  of  Operating  Pressure  on  Cobalt  Catalysts  “ 
(Tests  at  space  velocity  per  hr  of  100.) 


Test 


Oper¬ 

ating 

Periods 


Pres¬ 

sure, 

atm 


Average 
Temper¬ 
ature,  b 
°C 


Apparent 
Contrac¬ 
tion/ 
per  cent 


Products,  per  cent 


ch4 

c3  +  c4 

C1-C4 

Liquids 

and 

Solids 

Pelleted  d  Co-ThfL-kieselguhr  catalyst  108B 


X-29 

b-g 

1 

185  (186) 

70.9 

12. 1 

10.0 

24.5 

75.5 

X-29 

i-p 

7.8 

189  (186) 

71 .3 

19.0 

10.9 

33.5 

66.5 

X-31 

b~j 

7.8 

187 

71.8 

18.6 

10.5 

32.0 

68.0 

Granular  *  Co-Th02-Mg()-kieselguhr  catalyst  89K 


X-17 

X-17 

b-k 

v-d 

1 

7.8 

186  (187) 
188  (188) 

74.4 

72.0 

13.1 

14.0 

10.2 

8.6 

25.6 

23.2 

74.4 

76.8 

Pelleted  1  Co-ThOo-MgO-kieselguhr  catalyst  89J 

X-21 

X-21 

c-l 

a-u 

1 

7.8 

186  (186) 
191  (188) 

72.0 

69.5 

15.6 

18.2 

8.1 

10.4 

24.9 

28.3 

76.1 

71.7 

“  R  B‘  Anderson-  w-  K-  Hall,  A.  Krieg,  and  B.  Seligman;  see  reference  13 
.  F!ie  temPfratures  in  parentheses  are  for  the  last  2  weeks  of  operation  at  1  atm 
and  the  first  2  weeks  of  operation  at  7.8  atm. 

nv»tLP!?HnVC0,,ltraflCti0n,C°n'Puted  bV  1000  -  Ve,V’)'  Where  V*  is  the  flow  of 
o\it  gas  and  l  /  the  How  of  synthesis  gas. 

d  Cylindrical  pellets,  3.2  mm  in  diameter  by  3.2  mm  in  length. 

Broken  til  ter  .cake. 


f  Cylindrical  pellets,  3.2  mm  in  diameter  by  1.6  mm  in  length. 


.  owe.  than  if.  was  in  the  previous  period  at  7.8  atm.  Thus,  operation 
at  1.8  atm  decreased  the  activity  in  subsequent  periods  at  atmospheric 

P  .  .  !fe'  Whcn  hydrogen  react,vation  was  omitted,  this  decrease  in 
lvl  y  "’as  greater  than  when  hydrogen  treatment  was  done 

11  addition  to  changes  in  activity,  an  increase  in  the  yields  of  methane 
activity  J2Z  “ ^Tt'ami  “S* 
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Table  18.  Alternate  Operation  at  1  and  7.8  atm  of  Pelleted  Co-Th02- 

Ivieselguhr  Catalyst  108B  « 


(Operating  periods  were  5  or  6  days,  hourly  space  velocity  was  100.) 


Operating 

Periods 

Pressure, 

atm 

Average 

Temper¬ 

ature, 

°C 

Apparent 
Contrac¬ 
tion,6 
per  cent 

ch4 

Products, 

c3  +  c4' 

per  cent 

Ci-C4 

Liquids 

and 

Solids 

e  e 

1 

187 

72.1 

14.9 

10.8 

31.9 

68.0 

fc 

1 

186 

70.1 

15.4 

16.5 

34.0 

66.0 

gc 

7.8 

186 

67.2 

21.0 

13.0 

34.9 

65.1 

h  e 

1 

191 

70.3 

19.2 

10.0 

36.4 

63.6 

i  e 

7.8 

188 

69.9 

24.6 

13.4 

42.5 

57.5 

j 

1 

198 

69.1 

.  .  .  . 

.... 

k  e 

7.8 

198 

71.3 

41.4 

10.3 

53.6 

46.4 

l 

1 

207 

68.7 

24.6  d 

.... 

.... 

.... 

a  R.  B.  Anderson,  W.  K.  Hall,  A.  Krieg,  and  B.  Seligman;  see  reference  13. 

6  See  note  c  of  Table  17. 

c  A  2-hr  hydrogen  activation  at  a  temperature  10°C  higher  than  the  previous 
operating  temperature  preceded  operating  periods. 

d  Approximate. 

hydrocarbons  on  the  accessibility  of  the  catalytic  surface,  possibly  ac¬ 
cording  to  the  following  scheme: 

The  molecular  weight  of  the  hydrocarbons  adsorbed  on  the  catalyst  in 
atmospheric-pressure  operation  has  been  found  to  be  greater  than  that 
on  the  catalyst  at  7.8  atm.  The  molecular  weight  of  the  synthesis  prod¬ 
ucts  collected  from  the  middle-pressure  synthesis  was  higher  than  that 
of  the  products  obtained  at  atmospheric  pressure.  Synthesis  at  7.8  atm 
produced  hydrocarbons  of  higher  molecular  weight  than  at  atmospheric 
pressure  and  probably  caused  condensation  of  hydrocarbons  present  in 
low  concentrations,  which  would  be  gaseous  at  atmospheric  pressure,  and 
resulted  in  a  greater  fraction  of  liquid  hydrocarbons  than  at  atmospheric 
pressure.  These  liquid  products  flowed  over  the  catalyst  and  contin¬ 
uously  extracted  the  very  high-molecular-weight  products  which  would 
otherwise  have  accumulated  on  the  catalyst.  However,  operation  at 
7.8  atm  probably  filled  the  pores  with  hydrocarbons,  so  that  the  surface 
was  less  accessible  in  subsequent  operation  at  atmospheric  pressure,  al¬ 
though  the  rate  of  diffusion  at  7.8  atm  may  be  sufficiently  great  so  that 
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the  hydrocarbon  layers  do  not  impede  the  reaction.  This  may  explain 
the  progressive  decrease  in  activity  at  7.8  atm,  when  the  pressure  was 
alternated  between  1  and  7.8  atm. 

Weller,  Hofer,  and  Anderson  58  observed  that  cobalt  catalysts  car¬ 
burized  with  carbon  monoxide  had  a  low  activity  in  the  synthesis  at  at¬ 
mospheric  pressure.  Hydrogenation  of  the  carbide  increased  the  activity 
considerably,  and  subsequent  carburization  again  decreased  it  to  a  very 
low  value.  This  cycle  could  be  repeated  many  times. 

X-ray  diffraction  data  (Chapter  2,  p  42)  showed  no  detectable  amount 
of  bulk-phase  carbide  in  catalysts  used  in  the  synthesis;  the  x-ray  pat¬ 
terns  were  identical  with  those  of  the  freshly  reduced  catalyst  and  showed 
a  pattern  ol  disordered  cobalt.  Also,  the  cobalt  of  the  catalyst  was  not 
oxidized  in  the  synthesis,  which  is  consistent  with  thermodynamic  data 
for  reduction  of  cobalt  oxide  (Chapter  1,  Table  16,  p  29).  Catalysts 
carburized  in  carbon  monoxide  and  hydrogenated  to  remove  the  carbide 
gave  the  diffraction  pattern  of  a-cobalt;  a  transformation  from  the  dis¬ 
ordered  cobalt  to  a-cobalt  had  occurred  in  the  formation  and  hydrogena¬ 
tion  of  the  carbide.  Because  this  transformation  did  not  occur  in  the 
synthesis  and  because  of  the  low  activity  of  carburized  catalysts,  it  was 
concluded  that  bulk-phase  cobalt  carbide  is  neither  an  intermediate  in 
the  synthesis  nor  a  catalyst  for  it.  This  conclusion  was  confirmed  by 
synthesis  tests  in  which  Anderson,  Hall,  Krieg,  ami  Seligman  studied 
the  activity  and  selectivity  of  a  Co-Th02-ldeselguhr  catalyst  that  was 
carburized  under  conditions  that  formed  carbide,  carbide  plus  free  car- 
on,  ant  c  ic  y  ree  carbon.  Surface-area  changes  in  a  similar  series  of 

carburization  experiments  are  presented  in  Table  4.  The  synthesis  data 

de™Msed'acti1vitvble  r  shoWed  that  carburization  (6)  at  208°C  caused 
teased  activity  and  increased  production  of  CH4  and  C.-C.  hydro 

in  activity  and  a  shift  toward  formation  of  lighter  hydrocH  .tT*86 
superimposed  on  the  effect  of  cnrlmir  7-  Wdrocarbons  that  was 

tion.  Carburization  at  275°C  m  t  d  r  and  P^ict  distribu- 

did  not  significantly  chanae  the  reducti°n  at  208°C  (j) 

duction  atWc  ItZ h IZT'T  1  ~ 

“  S.  Weller,  L.  J.  E.  Hofer  and  R  ft  ,  '°  *’  diStribu- 

’  B-  Anderso".  J-  Am.  Chan.  Soc.,  70,  799  (1948). 
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tion  of  products  was  less  favorable  than  in  period  c.  Thus,  “free”  car¬ 
bon  did  not  decrease  the  activity  appreciably  but  had  a  marked  effect  on 
the  product  distribution.  It  has  been  shown  that  factors  which  decrease 


the  accessibility  of  the  catalyst  surface  usually  increase  the  fraction  of 
lighter  hydrocarbons  formed.13-69  Possibly  the  increase  in  the  fraction 
of  light  hydrocarbons  from  catalysts  containing  considerable  amounts 
of  free  carbon  may  be  related  to  a  decrease  in  accessibility  of  the  surface. 
The  data  of  Table  4  indicated  that  carburization  at  275°C  poisoned  the 
catalyst  with  respect  to  its  ability  to  form  carbide.  However,  the  syn¬ 
thesis  data  in  Table  19  indicated  that  a  catalyst  poisoned  in  this  manner 
was  quite  active  in  the  synthesis. 


Table  19.  Effect  of  Carburization  and  Hydrogenation  on  Activity  and 
Product  Distribution  of  Cobalt  Catalyst  108B  u 

(Space  velocity  of  synthesis  gas  per  hr  was  100.) 


Pretreatment 

Synthesis  Conditions 

Products,  g  per  cu  m  of  synthesis 
gas  reacted 

Period 

Temper- 

Time, 

hr 

Time, 

hr 

Average 

Per  Cent  of 

Liquids 

Gas 

SVH 

ature, 

°C 

Temper¬ 
ature,  °C 

Synthesis 
Gas  Reacted 

CH4 

C3  +  C4 

c,-c4 

and 

Solids 

a 

Ho 

3.000 

360 

2 

73 

173 

66.6 

21.8 

27.2 

55.9 

105.7 

b 

CO 

100 

208 

16 

126 

195 

47.4 

41.8 

37.8 

90.1 

64.4 

c 

Ho 

100 

208 

16 

149 

190 

63.8 

27.7 

38.7 

72.6 

106.9 

d 

CO 

100 

208 

16 

149 

191 

32.7 

41.6 

33.0 

82.3 

81.8 

e 

Ho 

100 

208 

16 

127 

190 

51.7 

34.8 

/ 

CO 

100 

208 

16 

176 

193 

22.9 

84.3 

a 

h 

Ho 

100 

208 

16 

126 

190 

42.3 

189.1 

46.9 

CO 

100 

208 

16 

125 

191 

17.5 

122.9 

53.7 

CO 

100 

274 

15 

149 

191 

18.9 

106.3 

18.5 

132.3 

10.6 

Ho 

100 

208 

16 

119 

191 

56.3 

73.5 

34.5 

108.2 

15.8 

Ho 

100 

200 

2 

165 

189 

48.9 

83.2 

47.2 

137.4 

18.4 

l 

Ho 

3.000 

360 

2 

166 

190 

64.5 

36.7 

45.9 

98.6 

76. 1 

«  R.  B.  Anderson.  W.  K.  Hail.  A.  Krieg.  and  B.  Seligman;  sec  reference  13. 


Recent  work  of  Prettre  and  Perrin  indicates  that  nickel  catalysts, 
pretreated  with  carbon  monoxide  to  convert  an  appreciable  fraction  of 
the  nickel  to  carbide,  had  a  very  low  activity  in  the  Fischer-Tropsch  syn¬ 
thesis,  and  hydrogenation  of  a  carbided  catalyst  increased  the  activi  y. 
Thus,  the  behavior  of  cobalt  and  nickel  catalysts  is  similar  m  this  re- 


spect. 

59 II.  B.  Anderson,  A.  Krieg,  B.  Seligman, 
2.347  (1948). 


and  W.  Tarn,  Incl.  Eng.  Chem.,  40, 
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Anderson,  Hall,  Seligman,  and  Kelly  60  found  that  the  activity  of  a 
series  of  Co-Th()2-MgO-kieselguhr  catalysts  was  approximately  propor¬ 
tional  to  the  total  surface  area  or  the  area  of  cobalt  metal,  as  determined 
by  the  chemisorption  of  carbon  monoxide  (Figures  42  and  43).  This 
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linear  relationship  should  be  expected  only  if  the  surfaces  of  the  catalysts 
are  approximately  equally  accessible  atalysts 

Ttivitie?,otted  ^ 

per  square  meter  of  surface  w»  V  ,7“"“  SyDthesis  *•  converted 

186-C.  The  stplf  tte  Lritv  v“r  ‘° .T  “7  193  ™  (^P)  per  hr  at 

line  was  35.6  cc  (STP)  of  synthesis  n  ^  '  wmis,oll>ecl  ,'al  l’"n  monoxide 

’  synthesis  ®“  converted  per  cc  (STP)  of  chemi- 
K.  J3.  Anderson,  W.  K  Hall  R 

■  Ml,  B.  Seligman,  and  R.  Kelly,  unpublished  results. 
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sorbed  carbon  monoxide  per  hr.  Thus,  35.6  molecules  of  synthesis  gas 
01  1 1 .9  molecules  of  carbon  monoxide  per  molecule  ol  chemisorbed  car¬ 
bon  monoxide  were  converted  per  hour,  and  the  average  molecule  of 
carbon  monoxide  remained  on  the  surface  for  about  5  min  before  reacting. 
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Figure  6-43.  Correlation  of  activity  of  Co-ThCb-MgO-kieselguhr  catalysts  against 
the  volume  of  chemisorbed  carbon  monoxide  at  -195°C.  Activity  and  adsorption 
data  are  given  per  gram  of  unreduced  catalyst.  Reproduced  from  reference  60. 


These  data  illustrate  in  a  very  striking  manner  the  fact  that  the  Fischer- 
Tropsch  synthesis  is  an  extremely  slow  catalytic  reaction.  Either  only  a 
very  minute  fraction  of  the  surface  is  active  and  accessible  or  an  ex¬ 
tremely  slow  reaction  at  the  catalytic  surface  is  rate  controlling. 


A  Possible  Rate  Equation  for  the  Synthesis 

A  satisfactory  rate  equation  for  the  synthesis  on  cobalt  catalysts  must 
have  the  following  properties:  (a)  The  rate  increases  with  total  pressure 
at  low  pressures  but  becomes  relatively  independent  of  total  pressure  at 
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atmospheric  pressure  and  above;  (6)  the  rate  is  relatively  independent  of 
partial  pressures  of  components;  (c)  the  rate  of  synthesis  is  at  a  max¬ 
imum  for  2H 2  -f  ICO  gas;  and  ( d )  the  rate  increases  with  temperature. 

Anderson  and  Lecky  61  considered  the  application  of  the  rate  equa¬ 
tions  of  Ilougen  and  Watson  62  to  the  data  summarized  in  Figures  28-31. 
The  high  temperature  dependence  of  the  synthesis  probably  excludes 
diffusion  to  the  catalyst  particle  as  a  rate-determining  step.  Kate  equa¬ 
tions  for  adsorption  of  hydrogen  and  carbon  monoxide  as  rate-controlling 
steps  are  too  dependent  on  partial  pressures  of  these  components  to  fit 
the  observed  data.  Many  of  the  characteristics  of  the  kinetic  data  are 
predicted  by  an  equation  in  which  the  rate  of  desorption  of  the  growing 
chains  from  the  surface  is  the  rate-controlling  step,  ie,  the  rate  is  propor¬ 
tional  to  the  fraction  of  the  surface  covered  by  these  groups.  An  equa¬ 
tion  of  this  type  for  the  hydrogenation  of  ethylene  is  given  in  Chapter  2, 
p  80,  equation  27.  It  is  assumed  that  the  equivalent  pressure  of  these 
growing  chains  is  proportional  to  a  quantity  0,  where  0  =  pHi2pC0  and 
that  these  groups  are  more  strongly  adsorbed  than  other  components  of 
the  system.  The  rate  equation  may  then  be  represented  by 


abfi 

1  +  60 


(2) 


where  a  is  the  product  of  effective  surface  area  times  rate  of  desorption 
and  6  is  a  term  related  to  the  heat  of  adsorption  of  the  growing  chains. 
Equation  2  may  be  arranged  in  the  linear  form 


r  a  abfS 

From  Figure  28  the  slopes  of  the  rate  curves,  the  differential  reaction 
ates,  were  determined  graphically  at  equal  intervals  of  1/SVH  and  the 
pa  tial  pleasures  ol  components  at  these  values  of  1/SVH  were  deter 

mined  from  Figures  29-31.  This  method  of  determining  rates  and  narn  i 
pressures  is  not  too  accurate  and  u  ,  aiesand  Paitlal 

^O.tHf+^O  "and  trio  JSf"  3  ***  + 

45.  This  equation  C  the  data  S&TT  ^  in  «  and 

rates  in  the  initial  portions  of  the  lied  <\ •  i"  J  except  tliat  the  observed 

higher  than  predicted  by  the  line  that  S  2  ^  ^  consiJerably 

■lata.  The  values  of  constants of on 2 ^  ^  °f  the 

Only  the  values  of  constants  of  ev.  ?  ™  2  are  ®ven  Table  20. 

constants  of  experiments  8  and  10,  and  1 1  should  be 

•  O  ndeison  a"4  Lecky,  unpublished  work 
0.  A.  Hougen  and  K.  M.  Walson.  Ind.  Bng.  CVm._  ^  ^  ^ 
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compared,  since  the  other  experiments  were  made  at  different  periods 
in  the  life  of  the  catalyst,  when  the  activity  had  changed  considerably. 
In  Table  20,  the  values  of  constant  6  are  large  numbers  with  respect  to  1. 
\\  hen  about  half  ot  the  synthesis  gas  has  been  converted,  values  of  /3 
vary  from  0.03  to  0.04  and  6/3  from  (3  to  8.  In  experiments  8,  10,  and  11 


Figure  6-44.  Plots  of  equation  3  for  data  of  tests  with  2H2  to  ICO  gas.  Repro¬ 
duced  from  reference  61. 


the  activation  energy  of  the  rate  of  desorption  term  a  was  24.5  kcal  per 
mole,  which  compares  well  with  observed  apparent  activation  energies, 
while  term  6  was  relatively  independent  of  temperature.  Equation  2 
predicts  a  maximum  synthesis  rate  with  2H2  +  ICO  gas.  With  b  - 


Table  20.  Values  of  Constants  of  Rate  Equation 


Experiment 
8,  101 
11  1 
4,  5,6 
14,  15 


Gas 

Temperature, 

Composition 

°C 

a  h 

2H2  to  ICO 

J 192 

43.0 

1206 

93.0 

3.5H2  to  ICO 

186.5 

77.0 

1H2  to  ICO 

197 

18.8 

a  r  b  Anderson  and  J.  Lecky;  see  reference  61. 

6  Cubic  centimeters  (STP)  converted  per  cc  of  catalyst  per  hr 
c  Atmospheres-3. 


bc 

187 

207 

245 

134 
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200  and  0  =  0.04  at  atmospheric  pressure,  the  relative  rates  of  synthesis 
predicted  by  equation  2  are  0.008,  0.228,  0.50,  0.89,  and  0.999  at  0.1, 
0.33,  0.5,  1.0,  and  10.0  atm,  respectively.  The  equation  also  predicts 
that  the  space-time-yield  will  increase  with  space  velocity,  but  the  limit¬ 
ing  space-time-yield  is  less  by  a  factor  of  1. 5-2.0  than  that  observed. 


I  if  a  re  6  45.  Plots  of  equation  3  for  data  of  tests  with  3.5II2  to  ICO  and 
-  ICO  gas.  Reproduced  from  reference  01. 


1H2  to 


Tins  is  the  range  where  the  equation  did  not  satisfactorily  fit  the  data 
lack  of  agreement  of  equation  2  at  the  initial  part  of' the  bed  (hieh 
’wilues  of  0)  may  be  related  to  two  causes-  First  the  rat  •  +i  •  .  ? 

may  be  rate-controlling  in  this  part  of  the  he’d  ’  PrWeSS 
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ation  of  gas  composition,  flow,  and  possibly  total  pressure.  The  varia¬ 
tion  of  the  constants  of  the  rate  equation  with  temperature  appears 
reasonable. 


IRON  CATALYSTS 


Kinetics 


The  synthesis  on  nickel  and  cobalt  catalysts  is  similar  in  many  re¬ 
spects,  but  the  synthesis  with  iron  catalysts  is  quite  different.  First, 
iron  catalysts  produce  carbon  dioxide  as  the  predominant  oxygenated 
product;  second,  the  rate  of  reaction  is  more  dependent  upon  operating 
pressure;  and,  third,  carbides  and  oxides  of  iron  are  found  in  sizable 
amounts  in  used  iron  catalysts.  Very  few  kinetic  data  on  the  synthesis 
with  iron  catalysts  have  been  published,  and  most  of  those  described  in 
this  section  are  taken  from  captured  German  documents  or  from  studies 
at  the  U.  S.  Bureau  of  Mines.  Methods  of  pretreating  iron  catalysts 
vary  considerably.  Some  catalysts  are  merely  reduced  in  hydrogen, 
whereas  others  are  pretreated  with  carbon  monoxide  or  carbon  monoxide 
and  hydrogen.  These  methods  of  induction  have  been  described  in 
Chapter  3. 

The  activity  of  iron  catalysts  decreases  rapidly  at  atmospheric  pres¬ 
sure  unless  the  catalysts  are  carefully  inducted  and  frequently  extracted 
with  solvent.  In  the  middle-pressure  range,  the  activities  of  some  cata¬ 
lysts  remain  constant  for  periods  of  2  or  more  months.  The  optimum 
operating  pressure  has  been  found  to  be  between  10  and  30  atm.  Data 
of  Pichler  63  in  Table  21  indicate  that  the  initial  activity  of  precipitated 
catalyst  was  greatest  at  30  atm,  but  the  activity  at  30  as  well  as  60  atm 
decreased  rapidly  with  time.  After  2  days  at  1  atm,  the  piessure  was 
increased  to  15  atm,  and  a  contraction  of  53  per  cent  was  observed  at 
235°C.  After  the  ninth  day  of  the  test  at  5  atm,  the  pressure  was  ^in¬ 
creased  to  15  atm  and  the  contraction  increased  to  53  per  cent  at  235° C. 
At  15  atm  and  237° C,  the  contractions  were  greater  than  50  per  cent  for 
more  than  30  days.  Thus,  with  this  type  of  catalyst,  about  15  atm  was 
the  optimum  pressure.  This  is  also  shown  by  data  of  Scheuermann  e4 
in  which  the  activity  at  12  atm  was  greater  than  at  50  or  200  atm.  Data 
of  Pichler  23  in  Figure  46  indicate  that  the  rate  of  synthesis  varied  linearly 
with  total  pressure  above  1  atm.  Extrapolations  of  the  rate-pressure 
curves  do  not  pass  through  the  origin,  and  if  this  is  required,  the  de¬ 


es  H  Pichler  T.O.M.  Reel  101,  Documents  PG-21.559-NID  and  P(4‘21’574'XIP’ 

translated  in  i.  S.  B„,  Mines  %  ^ 

A.  Scheuermann  in  report  of  H.  /<orn,  i  n  J/,ooo, 


64 


(1949). 


kinetics 
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pendence  of  rate  upon  pressure  for  0-1  atm  must  be  quite  large.  Ihe 
slope  of  the  rate-pressure  curves  increased  with  temperal  ure.  beligman 
found  that  the  rate  of  synthesis  on  a  reduced  synthetic-ammonia  cata¬ 
lyst  (Fe304-Mg0-K20)  varied  directly  with  operating  pressure,  as  shown 


Table  21.  Influence  of  Operating  Pressure" 


[Precipitated  and  alkalized  iron  oxide  catalyst  pretreated  at  325°C  with  carbon 
monoxide-rich  gas  at  0.1  atm.  Constant  flow  (STP)  of  synthesis  gas.] 


1  atm 

5  atm 

10  atm 

30  atm 

60  atm 

Days 

Tem¬ 

pera¬ 

ture, 

°C 

Con¬ 
trac¬ 
tion,  b 
per 

cent 

Tem¬ 

pera¬ 

ture, 

°C 

Con¬ 

trac¬ 

tion,'’ 

per 

cent 

m 

l  em- 

pera- 

ture, 

°C 

Con¬ 

trac¬ 

tion,'’ 

per 

cent 

Tem¬ 

pera¬ 

ture, 

°C 

Con¬ 

trac¬ 

tion,'’ 

per 

cent 

Tem¬ 

pera¬ 

ture, 

°C 

Con¬ 
trac¬ 
tion,  b 
per 

cent 

1 

235 

0 

235 

30 

233 

42 

235 

53 

235 

50 

2 

250 

0 

234 

42 

235 

56 

238 

42 

3 

235 

25 

235 

48 

234 

37 

235 

40 

6 

250 

38 

238 

50 

9 

270 

37 

239 

50 

12 

237 

50 

°  H.  Pichler;  see  reference  63. 

h  These  contractions  were  computed  for  exit  gas  without  removal  of  carbon  dioxide. 
Complete  conversion  corresponds  to  55-60  per  cent  contractions. 


in  Figure  47.  In  these  experiments  the  temperature  anti  conversion 
were  maintained  constant  and  the  pressure  anti  flow  varied.  These 
rate-pressure  lines  pass  through  the  origin,  and  their  slope  increases  with 
temperature. 


Many  of  the  experiments  on  the  influence  of  gas  composition  on  rate 
o  synthesis  are  to  interpret;  however,  it  appears  that  the  rate 

increased  as  the  hydrogen  content  increased  up  to  at  least  2H21C0 
Scheuermann  "  found  that  the  volumes  of  carbon  monoxide  consumed 
pei  volume  of  catalyst  per  hour  were  119  and  142  for  1 H2 :  ICO  and  2Ho : 
CO,  respectively  ;  in  these  experiments  the  total  flow,  temperature  and 
pressure  were  maintained  constant.  The  variation  in  the  rate  of  syn- 
hcsls  ,s  even  greater  than  the  variation  in  the  rate  of  carbon  monoxide 
consumption  smce  greater  ratios  of  hydrogen: carbon  monoxide' are 
onsumed  with  2H, :  ICO  than  with  1 H2:  ICO  gas.  Pichler  «  studied  the 
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effect  of  synthesis  gas  composition  as  shown  in  Figure  48.  The  tempera¬ 
ture  which  produced  maximum  yields  of  liquid  and  solid  hydrocarbons, 
and  these  yields,  are  plotted  against  the  percentages  of  hydrogen  in  the 
nthesis  gas  (piesumably  at  constant  total  flow  and  pressure).  The 


Figure  6-46.  Variation  of  space-time-yield  in  terms  of  liters  ot  gas  consumed  with 
pressure  and  temperature.  Reproduced  from  reference  23. 


yield  decreased  with  increasing  hydrogen  content  of  the  synthesis  gas. 
Thus,  with  1H2: 1.5CO  gas,  the  temperature  was  235°C  and  the  yield 
130  g  per  cu  m;  with  4H2:lCO  gas,  the  temperature  was  185°C  and  the 
yield  only  50  g  per  cu  m.  Interpretation  of  these  data  is  not  simple,  but 
it  appears  that  the  rate  of  synthesis  with  4H2:1C0  gas  was  greater 
than  would  have  been  expected  for  1H2:1.5C0  gas  at  the  same 

temperatures. 
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Maximum  yields  per  unit  volume  of  synthesis  gas  may  be  expected 
when  the  gas  composition  equals  the  usage  ratio.  According  to  Pichler,63 
this  occurs  at  an  H2:CO  ratio  of  1 : 1.85  at  15  atm  and  of  1 :2  at  1  atm. 


Figure  6-48.  Variation  of  the  temperature  at  which  maximum  yields  of  liquid  and 
solid  hydrocarbons  were  obtained  and  the  yields  of  these  hydrocarbons  and  water 
as  a  function  of  gas  composition.  Reproduced  from  reference  63. 


The  H2:CO  usage  ratio  increased  as  the  ratio  of  H2:CO  increased,  as 
indicated  by  the  increased  production  of  water  in  Figures  48  and  49. 
The  usage  ratio  changed  in  an  interesting  manner  with  space  velocity, 
as  shown  by  data  of  Seligman  and  Anderson  in  Figure  50.  In  these 


CO  IN  SYNTHESIS  GAS,  PER  CENT 

Figure  6-49.  Conversion  of  the  CO-oxygcn  to  C(>2  ami  H.O,  respectively  for 
various  synthesis  gas  compositions  at  0  and  15  atm  pressure.  Reproduced  from 

reference  63. 


tests,  a  fused  Fe-MgO-K20  catalyst  was  operated  with  1H2:1C0  gas  at 
constant  pressure  and  temperature  and  the  flow  was  varied^  1  he  usage 
ratio  decreased  to  a  minimum  and  then  increased.  At  low  flows  at  least 
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90  per  cent  of  the  carbon  monoxide  was  consumed,  and  the  ratio  ot  hy¬ 
drogen:  carbon  monoxide  in  the  gas  at  the  outlet  end  ot  the  bed  was 
very  high.  This  may  account  for  the  high  usage  ratios  at  low  flows, 
which  decreased  as  the  flow  increased.  At  flows  greater  than  SVH  = 
200,  the  contraction  was  less  than  40  per  cent,  and  the  average  composi¬ 
tion  of  the  gas  in  contact  with  the  catalyst  became  more  rich  in  carbon 


monox,de  as  the  flow  was  increased,  approaching  the  composition  of  the 
«d  gas.  rhus,  the  increase  .n  usage  ratio  cannot  be  explained  by  the 
gas  composition  Some  workers  have  suggested  that  at  least  part  of 

extenT  f  tb'0X,de  "  °™6  by  *  ^'ondary  water-gas  reaction,  and  the 
ext  nt  ol  this  reaction  should  be  decreased,  if  the  partial  pressure  of 

usage  ratio0 with  fl'‘eaSedpby  inCICasing  the  «»"•  Thus,  the  increase  in 

at  -  -  -  *• 
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monoxide  for  24  hr  at  270°  C;  (6)  carburized  as  in  (a)  and  reduced  in 
y  1GSen  ^01  24  hr  at  270°C;  (c)  reduced  in  hydrogen  for  24  hr  at  270°C; 

oQnonCf  mot!1?  Synthesis  with  2H2:  ICO  gas  at  atmospheric  pressure  and 
240  C  tor  24  hr.  These  catalysts  were  tested  in  the  water-gas  reaction 
at  240  C  and  constant  flows  of  ICO:  1H20  gas.  After  10  hr  testing  the 
following  conversions  were  observed:  Catalyst  b,  80  per  cent;  d,  65  per 
cent;  a,  45  per  cent;  and  c,  5  per  cent.  In  long  periods  of  testing  with 

3CO:  1H20  gas,  the  activity  of  the 
hydrogenated  carbide  decreased 
and  the  activity  of  the  carbide  in¬ 
creased,  and  after  100  hr  both  cata¬ 
lysts  had  the  same  activity.  Dur¬ 
ing  this  period,  the  carbidic  carbon 
of  the  carbide  catalyst  (a)  decreased 
from  6.8  to  4.2  per  cent,  and  the 
carbidic  carbon  of  the  hydrogen¬ 
ated  carbide  (6)  increased  from  0 
to  4.8  per  cent.  At  the  same  time 
iron  present  as  iron  oxide  decreased 
from  63  to  57  per  cent  in  the  car- 
bided  catalyst  and  from  67  to  57  per 
cent  in  the  hydrogenated  carbide. 
Thus,  according  to  these  data,  in 
300 : 1 H20  gas  the  carbidic  carbon 
content  can  be  either  increased  or 
decreased,  depending  upon  its  con¬ 
centration,  and  iron  oxide  is  re¬ 
duced. 

The  rate  of  the  water-gas  reaction  was  studied  at  several  temperatures 
on  an  iron-copper-potassium  carbonate  catalyst  alter  use  in  the  Fischer- 
Tropsch  synthesis  with  2H2:  ICO  gas  at  atmospheric  pressure  and  230°C 
for  100  hr.  The  percentage  conversion  of  the  carbon  monoxide  increased 
with  temperature  as  shown  in  Figure  51.  These  data  are  similar  to  those 
for  cobalt  catalysts  (Figure  35).  Thus,  if  water  is  the  primary  product 
and  if  it  is  converted  to  carbon  dioxide  by  a  subsequent  water-gas  shift 
reaction,  both  iron  and  cobalt  catalysts  should  produce  only  small 
amounts  of  carbon  dioxide  at  180°C,  while  at  240  C  both  catalysts 
should  produce  chiefly  carbon  dioxide.  However,  in  U.  S.  Bureau  ot 
Mines  tests  of  iron  catalysts  at  7.8  atm  of  1H2:  ICO  gas,  no  appreciable 
decrease  in  carbon  dioxide  formation  with  decrease  in  temperature  has 
been  observed  in  a  large  number  of  tests  varying  in  temperature  from 

215°  to  270°  C. 
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Figure  6-51.  Conversion  of  carbon 
monoxide  in  a  mixture  of  carbon  mon¬ 
oxide  and  water  vapor  on  a  used  iron 
catalyst  as  a  function  of  temperature. 
Reproduced  by  permission  from  refer¬ 
ence  53. 
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Koelbel  and  Engelhardt 53  studied  the  usage  ratio  of  H2:CO  in  the 
synthesis  on  an  iron  catalyst  at  atmospheric  pressure,  in  tests  in  which 
water  vapor  was  removed  by  CaCl2  units  spaced  equally  along  the  length 
of  the  catalyst  bed.  Tests  at  230°C  (Table  22)  indicate  that  removal  of 

Table  22.  Effect  of  Water  Removal  on  Usage  Ratio  of  an  Iron  Catalyst  n 


Experiment 

1 


(Tests  with  2 Iio  to 

ICO  gas  at  atmospheric 

pressure.) 

Contrac¬ 

tion 

Usage 

Ratio 

Percentage  of  R 
action  by  Way  1 

Conditions 

per  cent 

H2:CO 

C02 

h2o 

230 °C,  SVH  =  100 

35 

0.78 

81 

19 

No  water  removal 
within  catalyst 
bed 

230 °C,  SVH  =  100 

55 

1.25 

42 

58 

Water  removal  in 
4  steps 

200  °C,  SVH  =  100 

25 

1 . 65 

18 

82 

Water  removal  in 
8  steps 

and  F.  Engelhardt; 

see  reference 

53. 

the  water  vapor  increased  the  usage  ratio  nearly  by  a  factor  of  two  and 
also  increased  the  contraction.  In  test  3  at  200°C  a  usage  ratio  of 
H2  •  CO  ot  1.65  was  observed.  I  bus,  in  addition  to  increasing  the  rate 

of  the  water-gas  reaction,  water  vapor  appears  to  decrease  the  rate  of 
synthesis. 

Conversion-reciprocal  of  space-velocity  curves  of  Scheuermann  64  and 
Sehgman  42  in  Figures  52  and  53  have  greater  curvatures  than  those  ob¬ 
served  for  cobalt  and  nickel  catalysts,  indicating  the  greater  dependence 
ot  rate  on  partial  pressures  of  components  in  the  synthesis. 

The  rate  of  synthesis  on  iron  catalysts  increases  with  temperature 
In  tests  with  a  precipitated  iron  oxide  catalyst  in  the  middle-pressure 
range,  Pichler  63  maintained  the  contraction  constant  and  varied  the 

ce",  ZtCO  Wl'en  ‘he  C°n‘™'tio"  ™  ^Pt  at  50  per 

233“  250“  inrt  2-Vpe  T*,  ’  41>  8'°>  an<l  16  0  P«  hr  at  220“, 

233  ,  250  and  275  C,  respectively.  In  another  experiment  contrac- 

tmns  of  15  per  cent  were  obtained  at  235“C  and  280“C  at  flows  of  4  and 

of  20  kcC nirPCrVdy'  Fr°m  tl’CSe  data'  overa"  activation  energies 
kc  cil  pei  mole  were  comnufpH  ^irwii 

and  Anderson,  -  sunrntarized  “pig  n-e  54  v  2JT  Se‘igman 

iron  catalyst  with  1H2 :  ICO  gas  at  7  8  atm  a  preciPltated 

of  about  20  kcal  per  mole  From  tl  '  d  S?  gcU  e  actlvatlon  energies 
pei  mole,  b  i  om  the  pressure  dependence  data  of  Figure 


CARBON  MONOXIDE  CONVERTED,  PERCENT 


540 


Mechanism  of  Fischer-Tropsch  Synthesis 


Figure  6-52.  Variation  of  the  conversion  of  carbon  monoxide  with  the  reciprocal 
of  space  velocity  with  a  fused  iron  catalyst.  Reproduced  from  reference  64. 
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47  activation  energies  of  18.0  kcal  per  mole  were  computed.  From  data 
of  Schlesinger  and  Abelson  65  of  tests  of  a  fused  catalyst  in  1H2:  ICO  gas 
at  21  atm,  activation  energies  varying  from  14  to  17  kcal  per  mole  were 
computed.  Eidus  and  Altshuller  66  reported  an  overall  activation  energy 
of  28.7  kcal  per  mole  for  the  synthesis  on  a  precipitated  Fe-Cu-Th02- 
K2C03-kieselguhr  catalyst  at  atmospheric  pressure. 


Date  of  Shultz,  Seligman,  and  Anderson  "  in  Table  80,  p  289  of 
Chapter  3,  show  that  the  activity  of  reduced  fused  iron  catalyst  D3001 
increased  with  decreasing  particle  size,  the  activity  for  catalysts  varying 
om  14  18  mesh  to  4-6  mesh  being  approximately  proportional  to  the 
e,U,na  area  of  the  catalyst.  This  indicate*  that  only  the  atalyst  in  a 
zone  d  limited  depth  from  the  externa,  surface  is  effective  in  the  ^ 


M.D.  Schlesinger  and  M.  Abelson,  unpublished  data. 

<1944,. T'  B'  AI*Shulkr'  B“"'  -  U.H.S.S.,  C'lmse  sci.  chim„  349 

"  J'  F'  ShUl,Z’  a  Scligman'  and  R-  B-  Eng.  Chen,..  be  published. 
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Physical  and  Chemical  Nature  of  Used  Iron  Catalysts 

Surface  areas  of  iron  catalysts  are  usually  smaller  than  those  of  nickel 
01  cobalt  catalysts.  The  areas  of  reduced  lused  catalysts  containing 
structural  promoters  such  as  alumina  or  magnesia  varied  from  5  to  15 
sq  m  per  g;  the  presence  of  alkali  promoters  usually  did  not  cause  any 
appreciable  change  in  surface  area  (Table  2,  p  63,  Chapter  2).  Precipi¬ 
tated  iron  catalysts  usually  have  gel-like  structures  with  surface  areas 
varying  from  100  to  200  sq  m  per  g.  However,  on  pretreatment  with 
synthesis  gas  or  reduction  in  hydrogen  these  high  areas  were  decreased 
to  5-20  sq  m  per  g  and  the  gel  structure  disappeared.  The  decrease  in 
surface  area  presumably  occurred  when  the  ferric  oxide  was  reduced, 
and  this  sintering  was  observed  on  samples  of  precipitated  ferric  oxide 
catalysts  reduced  only  to  magnetite.  For  example,  this  large  decrease 
in  area  occurred  with  Fe:Cu:K2C03  (100:10:0.5)  catalysts  pretreated 
in  synthesis  gas  at  235°  C  or  reduced  in  hydrogen  at  300° C  but  did  not 
occur  when  this  catalyst  was  heated  in  nitrogen  at  400° C. 68 

Used  cobalt  catalysts  usually  do  not  contain  carbide  or  oxide  in 
amounts  sufficient  to  be  detected  by  x-ray  diffraction  methods,  but  in 
used  iron  catalyst  sizable  amounts  of  carbide  and  oxide,  which  are  de¬ 
tectable  by  x-ray  and  thermomagnetic  analyses,  are  usually  observed. 

Herbst 19  found  hexagonal  and  Hagg  Fe2C  in  used  fused  synthetic- 
ammonia-type  catalysts  and  in  precipitated  catalysts.  Most  fused  cata¬ 
lysts  showed  predominantly  the  x-ray  pattern  ol  Hagg  carbide,  but  a  lew 
gave  chiefly  the  patterns  of  hexagonal  Fe2C.  Precipitated  catalysts, 
especially  those  containing  copper,  gave  predominant  diffraction  pat¬ 
terns  of  the  hexagonal  carbide.  In  a  sample  of  a  used  synol  catalyst  con¬ 
taining  by  analysis  86.6  per  cent  Fe,  3.42  Al203,  O.o2  K20,  and  3.6  CaO, 
but  no  copper,  and  presumably  operated  at  low  temperatures,  prin¬ 
cipally  the  hexagonal  and  a  small  amount  of  Hagg  carbides  were  ob¬ 
served.  Herbst  concluded  that  the  presence  of  the  hexagonal  Fe2C  was 
a  necessary  but  not  a  sufficient  condition  for  catalysts  of  high  activity. 

Pichler  and  Merkel 20  studied  the  effect  of  carbide  content  of  iron  cata¬ 
lysts  on  catalytic  activity  and  the  changes  in  the  carbide  and  oxide  con¬ 
tent  during  the  synthesis.  Their  experiments  may  be  divided  into  two 
groups:  in  the  first,  carbides  were  determined  by  acid  decomposition, 
and  in  the  second,  by  the  thermomagnetic  method.  It  appears  that 
their  acid  decomposition  analysis  gave  low  values  tor  carbidic  carbon. 

In  the  acid  decomposition  studies,  a  precipitated  iron  oxide  gel  (pre¬ 
sumably  alkalized)  was  pretreated  with  carbon  monoxide  at  0.1  atm  and 
325° C  for  24  hr,  and  the  amount  of  carbidic  carbon  was  determined  1  ic¬ 
es  W.  K.  Hall,  W.  Tarn,  and  R.  B.  Anderson,  J.  Am.  Chew.  Soc.,  to  be  published. 
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fore  and  after  various  periods  of  testing  at  235°C  and  15  atm.  1  he 
catalyst  activity  remained  sufficiently  high  to  give  fairly  complete  con¬ 
version  in  all  experiments.  After  7  days,  the  carbide  content  had 
dropped  to  about  70-90  per  cent  of  the  original  amount,  and  after  a  total 
of  112  days  the  carbide  content  was  still  at  about  this  value.  In  the  112 
days,  the  oxygen  content  increased  from  0.59  to  1.6  g  per  100  g  of  iron. 
The  authors  concluded  that  properly  inducted  catalysts  attained  a 
steady-state  composition  in  the  first  few  days  and  that  the  constancy  of 
the  activity  reflected  their  constant  composition.  Catalysts  which  had 
become  inactive  by  prolonged  operation  in  the  synthesis  or  operation  at 
high  temperature  contained  considerably  less  carbidic  carbon  and  more 
oxide. 


In  the  magnetic  studies,  a  precipitated  alkalized  iron  oxide  catalyst 
containing  small  amounts  of  copper  was  pretreated  with  carbon  monox¬ 
ide  at  0.1  atm  and  325°C  for  25  hr.  This  procedure  converted  the  iron 
to  Hagg  carbide.  Operation  in  the  synthesis  at  215°C  and  12  atm  for 
17  days  caused  no  perceptible  change  in  the  composition  of  the  catalyst. 
The  difference  between  this  result  and  those  reported  in  the  acid  de¬ 
composition  studies  may  be  due  to  the  lower  synthesis  temperature  in 
the  latter  experiment. 

A  number  of  catalysts  containing  copper  and  alkali  were  tested  in  the 
synthesis  at  atmospheric  pressure  without  the  usual  induction  in  carbon 
monoxide  at  0. 1  atm.  The  catalysts  began  to  form  oil  after  a  few  minutes 
of  operation.  One  catalyst  was  heated  in  synthesis  gas  at  225°C  until 
the  first  exothermic  reaction  occurred,  as  indicated  by  a  thermocouple 
in  the  catalyst  bed.  In  this  brief  treatment  with  synthesis  gas,  the 
catalyst  was  largely  converted  to  magnetite  and  to  a  small  extent  to 
Hagg  carbide.  A  Fe:Cu:K2C03  (100:20:0.25)  catalyst  was  operated 
at  atmospheric  pressure  and  235°C.  After  17  hr  the  contraction  had 
incieased  to  14  per  cent,  and  the  thermomagnetic  curve  (Figure  55) 
showed  the  presence  of  Hagg  Fe2C  and  a  large  amount  of  magnetite. 

•  ei  4 1.5  hi  of  operation  the  contraction  was  20.5  per  cent,  and  the 
magnetic  analysis  (Figure  56)  showed  somewhat  greater  amounts  of  Hagg 
cai  aide.  After  121  hr,  the  catalyst  reached  its  maximum  activity  There 
was  only  a  slight  increase  in  the  carbide :  magnetite  ratio  (Figure  57)  but 
the  Curie  Point  at  about  390°C  indicated  the  presence  of  hevigona 
laibide  in  addition  to  Hagg  carbide.  The  experiments  of  Pichlef  and 

-  varJiTa1 

Jejinek  and  Fankuehen  -  reported  an  x-ray  diffraction  study  of  iron 
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catalysts  presumably  used  in  a  fluidized  reactor.  The  catalysts  were 
i educed  in  hydrogen  from  magnetite  to  a-iron  before  use  in  the  synthesis. 
Alter  use  in  the  synthesis  a  sample  of  one  catalyst,  which  was  still  highly 
actrv  e,  showed  only  the  diffraction  pattern  of  magnetite.  A  sample  of 
another  catalyst  that  was  used  for  a  somewhat  longer  period  and  that 
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Figure  6-55.  Thermomagnetic  curve  of  Fe:Cu:K2C03  (100:20:0.25)  catalyst, 
heated  in  synthesis  gas  at  1  atm  to  235 °C  and  kept  at  that  temperature  (time,  17  hr). 

Reproduced  from  reference  20. 


had  a  greater  activity  than  the  first  showed  only  the  diffraction  pattern 
of  a  carbide,  presumably  Hagg  Fe2C.  These  authors  were  puzzled  to 
find  that  these  two  active  catalysts  had  such  dissimilar  bulk  phases. 

Hofer,  Seligman,  Cohn,  and  Anderson  70  studied  the  change  in  compo¬ 
sition  of  reduced  fused  iron  catalyst  D3001  (Fe304-Mg0-K20)  during 
operation  in  the  synthesis  at  7.8  atm  ot  1H2:1C0  gas.  Portions  ot  the 
catalyst  were  removed  periodically  for  thermomagnetic  analysis.  The 
position  of  the  Curie  points  on  the  thermomagnetic  curve  indicated  that 
Hagg  Fe2C  was  the  only  carbide  phase  in  the  used  catalysts.  The  frac¬ 
tion  of  iron  present  as  Hagg  carbide  was  estimated  from  the  theimo- 

70  L.  J.  E.  Hofer,  B.  Seligman,  E.  Cohn,  and  R.  B.  Anderson,  J.  Am.  Chem.  Soc., 
to  be  published. 
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magnetic  curve  by  extrapolating  from  a  temperature  above  the  Curie 
Point  of  Hagg  carbide  to  a  lower  reference  temperature  as  described  in 
Chapter  2,  p  47.  Specifically,  the  magnetic  moment  of  a-iron  plus 
magnetite  was  determined  at  325° C  (at  which  the  moment  of  Hagg 
carbide  is  essentially  zero) ;  and  from  the  known  variation  of  the  moment 
of  these  phases  with  temperature,  the  magnetic  moment  of  a-iron  plus 


Figure  6  56.  Thermomagnetic  curve  of  Fe:Cu:K2C03  (100:20:0.25)  catalyst 
heated  to  235 °C  in  synthesis  gas  at  1  atm  and  kept  at  that  temperature  (time,  47.5  hr)! 

Reproduced  from  reference  20. 


magnetite  at  room  temperature  was  computed.  The  difference  between 
the  total  moment  observed  at  room  temperature  and  the  extrapolated 
value  is  the  moment  of  Hagg  carbide,  and  the  iron  as  carbide  is  computed 
rom  this  deference.  From  the  moment  of  «-iron  plus  magnetite  and 
the  atios  ol  these  phases  from  x-ray  analyses,  the  iron  as  a-iron  and 
n  agnet'te  ear,  be  computed.  Thus,  from  the  magnetic  and  x-ray  data, 
"eigi  o  non  in  ferromagnetic  forms  was  computed  This  value 
was  subtracted  from  the  total  iron  obtained  from  chemical  analysis  and 
the  difference  was  termed  “non-magnetic  iron."  ~  ’ 


L  •  S‘  Bureau  0f  Mlnes  test  Xl94  the  catalyst  was  operated  at  234°C 
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tor  the  first  4(3  hr.  In  the  next  1,830  hr  the  temperature  was  held  at 
about  257°  C  and  the  flow  of  synthesis  gas  was  varied  to  maintain  a 
constant  contraction  ot  64  per  cent  (C02-free).  In  this  period  the  ac¬ 
tivity  expressed  as  space-time-yield  was  approximately  constant.  After 
this  period,  the  temperature  was  increased  in  several  steps  to  300°C  to 
determine  the  effect  of  higher  temperatures  on  the  phases  of  catalyst. 
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Figure  6-57.  Thermomagnetic  curve  of  Fe:Cu:K2C03  (100:20:0.25)  catalyst, 
heated  to  235°C  in  synthesis  gas  at  l  atm  and  kept  at  that  temperature  (time,  121 

hr).  Reproduced  from  reference  20. 


Figure  58  presents  the  changes  in  phases  during  test  X194.  The 
reduced  catalyst  contained  no  magnetite,  and  about  70  per  cent  iron  was 
present  as  a-iron  and  30  per  cent  as  non-magnetic  iron.  In  the  first 
46  hr  of  testing  (at  235°C)  the  iron  as  Hagg  carbide  increased  to  18  per 
cent,  and  the  maximum  iron  as  carbide  (29  per  cent)  was  observed  at  200 
hr  In  subsequent  testing  at  257°C,  the  iron  as  Hagg  carbide  decreased 
gradually  to  21  per  cent  at  1,800  hr.  In  the  first  600  hr,  the  iron  as 
a-iron  decreased  to  16  per  cent  and  iron  as  magnetite  increased  to  28 
per  cent.  At  1,800  hr  the  iron  as  a-iron  and  magnetite  was  8  and  3 
per  cent,  respectively.  When  the  catalyst  was  tested  at  2 79  and  300  C 
the  iron  as  a-iron  and  Hagg  carbide  decreased  to  7  and  13  pel  cent, 
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respectively,  while  iron  as  magnetite  increased  to  47  per  cent.  The 
non-magnetic  iron  remained  essentially  constant  (30-33  per  cent) 
throughout  the  experiment. 

In  another  experiment  (X108)  with  the  same  catalyst  (D3001)  with 
1H2  to  ICO  gas  at  7.8  atm,  the  space  velocity  and  conversion  were 
maintained  constant  and  the  temperature  varied.  In  the  first  800  hrs 
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Figure  6-58.  Catalyst  composition  and  operating  temperature  changes  during 
experiment  X194.  From  data  of  reference  70. 

the  activity  decreased  continually  so  that  the  temperature  had  to  he 
increased  from  250°  to  280°C.  At  this  point  disintegration  of  the  catalysl 
particles  presumably  caused  by  carbon  deposition  was  observed  At 
the  same  time  the  activity  increased,  apparently  because  of  the  smaller 
particle  size  of  the  disintegrating  catalyst,  so  that  the  tempo  attu-e  n  o 
gressively  decreased  to  246° C.  In  tho  fW  at  i  .  /i-  _  dt  Pr<> 

as  Halts;  carbide  increased  to  18  per  cent  and  then  i  '"n  '  f"  th*  'ron 
about  8  per  cent  at  the  end  of  fcexpe  riment  The  y  <*WreaSed  t0 
was  30  per  cent  in  the  reduced  catalyst  and  a  tied  ft<  m  t 

during  the  synthesis.  Chiefly  at  the  expense  of  t  , Per  cent 

iron  as  oxide  increased  rapidly  initially  to  6 (“"ro"  |,hase-  the 

66  per  cent  at  the  end  of  the  expo,  iment  **  ^  “  S°°  hr  and  t0 
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These  expei iments  show  that  the  a-iron  of  the  reduced  catalyst  was 
converted  to  the  maximum  amounts  of  Hagg  carbide  in  the  first  few  days 
of  the  synthesis.  Hexagonal  Fe2C  or  cementite  was  not  observed  in  any 
of  the  samples.  The  formation  of  magnetite  was  more  rapid  at  higher 
temperatures  so  that  at  800  hr  at  temperatures  up  to  280°  C  the  iron  as 


Figure  6-59.  Catalyst  composition  and  operating  temperature  changes  during 

experiment  X168.  Unpublished  data. 


magnetite  was  56  per  cent  (Figure  59)  compared  to  33  per  cent  at  25/ °C 
(Figure  58). 

Magnetite  was  formed  chiefly  from  the  a-iron  phase.  The  carbide 
phase  decreased  more  slowly  than  a-iron  phase,  and  it  may  be  tentatively 
concluded  that  carbide  phases  are  more  resistant  to  oxidation  than  a-iron. 

Catalytic  activity  cannot  be  simply  related  to  catalyst  composition, 
and  possibly  the  phases  found  in  the  catalyst  are  merely  functions  of 
the  operating  temperature  of  the  synthesis.  It  is  also  possible  that  ic 
active  components  may  be  a  part  of  the  non-magnetic  iron  phase,  since, 
small,  incomplete,  or  disordered  crystallites  may  be  expected  to  have 
the  greatest  activity.  However,  in  Figure  58  the  content  ot  Hagg  car¬ 
bide  remained  essentially  constant  over  the  period  of  constant  activity, 
as  compared  with  rather  large  changes  in  the  fractions  of  a-non  anil 
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magnetite,  and  in  Figure  59  the  decrease  in  activity  during  the  first 
800  hr  was  paralleled  by  a  decrease  in  the  amount  of  Hagg  carbide. 
The  increase  in  activity  after  800  hr  in  this  test  is  probably  influenced 
more  by  particle  size  than  by  catalyst  composition. 

German  work  71  as  well  as  experiments  of  the  U.  S.  Bureau  of  Mines  72 
indicated  that  reduced  fused  catalysts  pretreated  so  that  they  contained 
a  large  fraction  of  cementite  are  more  active  in  the  synthesis  than  reduced 
catalysts.  Pretreated  catalysts  containing  other  interstitial  phases  than 
the  Fe2C  carbides  or  cementite  were  more  active  than  reduced  catalysts, 
as  shown  below  for  nitrides  of  iron. 

Anderson,  Shultz,  Seligman,  Hall,  and  Storch  73  showed  that  nitrides 
of  iron  have  unique  properties  as  Fischer-Tropsch  catalysts.  Homo¬ 
geneous  phases  in  the  system  iron-nitrogen  are: 18 


Weight  Per 

Atom  Ratio, 

Arrangement  of 

Phase 

Cent  Nitrogen 

N  :Fe 

Iron  Atoms 

a 

<0.2 

<0.008 

Body-centered  cubic 

y' 

5.7-6. 1 

0.241-0.259 

Face-centered  cubic 

t 

7.3-11.1 

0.314-0.498 

Close-packed  hexagonal 

f 

11.1-11.3 

0.498-0.508 

Orthorhombic 

The  activities  of  nitrided  catalysts  were  greater  than  those  of  correspond¬ 
ing  reduced  catalysts,  as  shown  by  the  results  of  tests  of  a  synthetic- 
ammonia  catalyst  (Fe304-Mg0-K20)  with  1H2:1C0  gas  at  100  and  300 
psig  (Figures  GO  and  61).  In  these  tests,  the  flow  of  synthesis  gas  and 
the  conversion  were  maintained  constant  and  the  temperature  was 
varied.  Thus,  the  temperature  of  operation  varied  in  an  inverse  manner 
with  activity.  Tests  of  reduced  catalysts  at  100  psig  were  characterized 
by  increasing  temperatures  of  operation  (Figure  GO,  test  X152)  and 
these  tests  were  usually  terminated  in  less  than  8  weeks  of  operation  by 
pugging  of  the  catalyst  bed  by  carbon  deposition  or  related  processes 

0  032  TleT  F  vfySt  C°ntaining  an  atom  ratio  of  N:Fe  of  only 
0.032  («-Fe  +  7 -Fe4N)  in  test  X207A  was  operated  at  240°C-  this 

temperature  was  lower  than  that  used  for  the  reduced  catalysts  After 

>.  v  eeks  of  testing,  the  catalyst  was  treated  with  ammonia  under  condi 

Oons  hat  would  convert  a  reduced  catalyst  to  an  N:Fe  ratio  > 0  4  5' 

WB T After  8  Tllf  T***  te“ure  to  about  220°C 

7i  B  add,tl°naI  Weeks  of  ^thesis  this  catalyst  was  reduced 

128  pp;  U  S  NaVal  TechniCal  Mission  in  Europe,  Rept.  248-45  (1945), 

73  R.  B.  Anderson,  J.  R^hult?  r '  Anderso\unPublished  data. 

Chen,.  Soc.,  72,  3205  0950).  ’  ’  "  *  lgman’  W •  K-  Hal1.  and  H.  H.  Storch,  J.  Am 
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Figure  6-60.  Temperatures  of  operation  required  to  maintain  constant  conversions 
on  reduced  and  nitrided  samples  of  catalyst  D3001  at  100  psig.  Reproduced  by 

permission  from  reference  73. 
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Figure  6-61.  Temperatures  of  operation  required  to  maintain  constant  conversions 
on  samples  of  reduced  and  nitrided  catalyst  D3001  at  300  psig.  Reproduced  by 

permission  from  reference  73. 
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in  hydrogen  at  385°C  under  conditions  that  should  remove  all  the  nitro¬ 
gen;  subsequently,  the  synthesis  temperature  had  to  be  increased  to 
240°C  (207C).  In  test  X214A,  the  catalyst  was  nitrided  to  the  e-phase 
(N:Fe  =  0.44).  In  a  period  of  8  weeks  the  temperature  was  increased 
from  210°  to  230°C.  At  the  beginning  of  the  ninth  week  the  catalyst 
was  hydrogenated  at  385° C,  and  the  temperature  of  operation  had 
subsequently  to  be  increased  to  239° C  (X214B).  After  the  fourteenth 
week  of  operation  the  catalyst  was  renitrided,  presumably  to  the  e-phase, 
and  the  temperature  of  operation  was  decreased  to  225°C. 

Tests  of  reduced  synthetic-ammonia  catalyst  at  300  psig  were  char¬ 
acterized  by  nearly  constant  temperatures  of  operation,  as  shown  by 
test  X200A  in  Figure  61.  After  13  weeks  of  testing  the  catalyst  was 
nitrided,  presumably  to  the  €-phase,  and  the  temperature  could  be  de¬ 
creased  to  243°C.  Tests  of  catalysts  nitrided  to  a  mixture  of  y'~  and 
e-phases  (N :  Fe  =  0.262)  in  test  X219  and  to  the  e-phase  (N:Fe  = 
0.444)  in  X225  operated  at  240° C.  Thus,  the  activities  of  the  nitrided 
catalysts  at  both  100  and  300  psig  were  greater  than  those  of  reduced 


catalysts,  but  the  increase  in  activity  was  larger  at  100  psig. 

The  product  distribution  from  nitrided  catalysts  was  considerably 
difteient  horn  that  ot  leduced  catalysts,  as  shown  in  1  able  23.  In  every 
case,  the  products  from  nitrided  catalysts  were  of  lower  average  molecu¬ 
lar  weight  and  contained  a  higher  fraction  of  gaseous  hydrocarbons. 
Xitiided  catalysts  also  produced  greater  yields  of  oxygenated  com¬ 
pounds,  especially  alcohols,  than  corresponding  reduced  catalysts. 

Nitrided  catalysts  have  a  greater  mechanical  stability  and  longer  life 
than  reduced  catalysts,  presumably  because  the  production  of  free  carbon 
and  iron  oxide  is  very  much  slower  than  on  reduced  catalysts.  Tests 
ot  reduced  catalysts  at  100  psig  are  usually  terminated  by  plugging  of 
t  le  catalyst  bed  in  about  8  weeks  of  testing;  however,  after  6  months  of 
testing,  a  nitrided  catalyst  in  test  X215  dropped  freely  from  the  reactor 
and  appeared  to  be  the  same  as  when  charged  into  the  reactor.  Thus 

ISaTh0?  01  preventing  mechanical  difficulties  clue  to  catalyst’ 
instability.  1  he  nitrogen  is  only  slowly  displaced  from  the  nitride  the 

ntiogen  being  replaced  by  carbon  to  form  carbonitrides,  as  shown  in 
Iguie  1,2  in  a  test  with  1H2:  ICO  gas  at  218°C  and  100  psig.  The  total 
.11  ,on  plus  nitrogen :  iron  atom  ratio  increased  in  the  first  week  to  about 

O.oO  and  did  not  exceed  0.508  until  after  7  wPfaP  ^  mi  ,  1  out 

“E™  ;7:g“er,LToTTpie  a“ = 

rt  **-  *' 

Lines  corresponding  to  0^“^ 
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Table  23.  Comparison  of  Tests  of  Nitrided  and  Reduced  Catalyst  D3001 


(Fe304-Mg0-K20)  with  1H2:1C0  Gas  a 


Pressure,  psig 

100 

300 

Test,  X  .  .  . 

152 

214A 

214B 

214C 

200A 

200B 

219 

225 

Reduction  in  hydro- 

gen 

Temperature,  °C 

450 

450 

385 

.  .  . 

450 

550 

550 

Time,  hr 

43 

40 

4 

40 

20 

20 

Space  velocity 

Per  cent  reduc- 

2,500 

2,500 

5,000 

2,500 

2,500 

2,500 

tion 

91.8 

100.8 

.  .  • 

92.6 

99.0 

98.1 

Nitriding  in 

ammonia 

Temperature,  °C 
Time,  hr 

Space  velocity 

385 

385 

385 

385 

350 

4 

4 

4 

4 

6 

5,000 

1.000 

5,000 

5,000 

1,000 

Atom  ratio,  N:Fe 

0 

0.44 

? 

? 

0 

? 

0.262 

0.444 

Phases  present 

a-Fe 

e-phase 

a-Fe  + 

? 

a-Fe 

? 

a-  -p  e- 

e-  +  f(?)- 

Fe3C 

phases 

phases 

Test  data 

Weeks  averaged 

2-5 

2-8 

10-15 

16-18 

2-8 

13-18 

2-5 

3-10 

Space  velocity 

98 

98 

101 

99 

306 

295 

296 

293 

Temperature,  °C 
Contraction, 

263 

225 

238 

224 

257 

243 

242 

238 

per  cent 

Usage  ratio. 

65.0 

64.1 

63.6 

62.6 

65.5 

63.0 

64.0 

65.2 

H2:CO 

0.72 

0.75 

0.75 

0.79 

0.72 

0.80 

0.77 

0.79 

Product  distribu- 

tion,  weight  per 
cent  of  total  of 
gaseous  and 
liquid  -(-  solid 
hydrocarbons 
(including  oxy¬ 
genated  mate¬ 
rial  in  oil  phase) 

16.6 

17.6 

16.2 

Ci 

c2 

c3 

c4 

C1-C4 

Liquids  -p  solid  b 

17.8 

20.9 

11.9 

26.8 

12.3 

9.6 

10.1 

9.0 

6.5 

7.9 

11.7 

11.2 

9.7 

13.8 

15.4 

12.8 

17.6 

9.5 

15.3 

14.2 

11.5 

6. 1 

9.2 

8.3 

11.3 

6.1 

5.6 

5.6 

6.6 

47.3 

55.6 

42.0 

62.2 

35.8 

49.2 

48.6 

44.0 

52.7 

44.4 

58.0 

37.8 

64.2 

50.8 

51.4 

56. 0 

Distillation  of 

liquids  +  solids 
<185°C 
185°-352°C 
352°-464°C 
>464°C 

38.1 

35.5 
14.9 

11.5 

64.0 

32.0 

3.3 

0.7 

39.7 
31.3 

11.8 
17.2 

56.5 
32.9 

10.6 
0.0 

37.6 

27.9 

11.9 

18.9 

64.3 

24.6 

5.8 

4.2 

57.4 

31.7 

6.8 

4.1 

67.3 

25.0 

5.2 

2.5 

.  R  B  Anderson,  J.  F.  Shultz.  B.  Seligman,  W.  K.  Hall,  and  H.  H.  Storch;  see  reference  73. 
b  yqUid  +  solid  hydrocarbons  include  oxygenated  compounds  dissolved  m  the  hydrocarbon  phases. 
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McCartney  and  Anderson  74  determined  electron  diffraction  patterns 
of  carburized  and  used  iron  Fischer- 1  ropsch  catalysts.  Catalysts  carbu¬ 
rized  in  carbon  monoxide  gave  electron  diffraction  patterns  correspond¬ 
ing  to  the  same  Fe2C  carbides  found  by  x-ray  analysis.  Used  iron 
catalysts  gave  only  electron  diffraction  patterns  of  the  adsorbed  wax. 
After  careful  extraction  of  the  catalyst  in  toluene,  the  electron  diffraction 
pattern  of  magnetite  was  found  (see  Figure  1,  Chapter  2,  p  45).  The 


lines  of  a-iron  and  the  Fe2C  carbides  were  not  found  in  any  of  the  electron 
diffraction  patterns  of  extracted  used  catalysts,  even  though  in  most 
cases  lines  of  these  phases  were  found  in  the  x-ray  diffraction  patterns. 
1  hus  it  appears  that  the  surface  of  the  catalyst  was  chiefly  magnetite 
which  is  consistent  with  the  thermodynamics  of  formation  of  magnetite 
(p  29,  Chapter  1)  Work  of  Almquist  and  Black  75  and  Emmett  and 
Brunauer  has  shown  that  the  surface  atoms  of  iron  catalysts  were 
oxidized  at  ratios  of  partial  pressures  of  water :  hydrogen  that  were  about 
0. 1  per  cent  of  those  required  to  form  bulk-phase  oxide.  Thus,  the  forma- 

possible  P  SUrfaCe  °xides  °f  iron  is  thermodynamically 

76  T’  a’  ^cCartney  and  R-  B-  Anderson,  J.  Chem.  Phys.,  to  be  published 
,:Jp  ti  ^lmqU1St  ant  C-  A'  B‘ack,  J.  Am.  Chem.  Sac.]  48,  2,814  (1926) 

P.  II.  Lmmett  and  S.  Brunauer,  ibid.,  62,  2,682  (1930). 


554 


Mechanism  of  Fischer-Tropsch  Synthesis 


Rate  Equations  for  the  Synthesis 

Only  a  few  studies  of  kinetics  of  the  Fischer-Tropsch  synthesis  on 
iron  catalysts  are  available,  and  two  equations  which  fit  the  limited 
available  data  for  the  synthesis  on  fused  catalysts  will  be  considered. 
Elliott 77  has  shown  that  the  empirical  equation 

kP 

—  =  -  In  (1  -  *)  (4) 

where  x  is  the  fraction  of  synthesis  gas  consumed  (the  real  contraction), 
P  the  operating  pressure,  S  the  space  velocity,  and  k  a  rate  constant  of 


Figure  6-63.  A  plot  of  equation  6  for  data  of  fused  iron  catalyst,  D3001.  Un 

published  data. 


the  type  k  =  Ae~E^RT,  in  which  A  is  a  constant  and  E  the  actuation 
energy,  fits  the  data  of  Figures  47,  52,  53,  and  54  quite  satisfactorily  for 
tests  with  1H2:1C0  gas.  This  equation  is  useful  in  correlating  experi¬ 
mental  data.  ,  ...  ,. 

Seligman  and  Anderson  42  developed  a  somewhat  similar  equation 

from  the  assumption  that  the  rate,  r,  is  proportional  to  the  partial  pres¬ 
sure  of  hydrogen,  Vnr  Thus, 


dx 


r  = 


-  ^Ph2  — 


—  ivivu.  '■'*  *  ■  no  ^ 

d(\/S) 

where  x  is  the  fraction  of  H,  +  CO  converted,  P  is  the  total  pressure, 
77  M.  A.  Elliott,  unpublished  work. 


Distribution  of  Products  from  Fischer-Tropsch  Synthesis  ooo 

and  Nn2  is  the  mole  fraction  of  hydrogen  when  the  conversion  is  equal 
to  x.  It  is  assumed  that  a  reaction  consuming  3  moles  of  H2  +  CO 
produces  1  mole  of  H20  +  C02  and  that  the  number  of  moles  of  hydro¬ 
carbons  in  the  gas  phase  comprises  7  per  cent  of  the  moles  of  H20  -f- 
C02.  Then  the  mole  fraction  of  hydrogen  is  evaluated  in  terms  of  x, 
and  equation  5  can  be  integrated  to  the  following: 


where  j  has  a  value  of  0.65;  /  =  17/(1  +  U),  where  U  is  the  H2:CO 
usage  ratio;  and  b  =  f/g,  where  g  is  the  fraction  of  H2  in  the  synthesis 
gas.  For  1H2:1C0  gas  and  an  average  usage  ratio  of  0.75,  /  =  0.43 
and  b  =  0.86.  This  equation  approximtaely  fits  the  data  of  Figures 
47,  52,  53,  and  54  and  predicts  that  the  rate  should  increase  with 
hydrogen :  carbon  monoxide  ratio  as  observed  by  Scheuermann.64  Figure 
63  presents  a  plot  of  the  reciprocal  of  space  velocity  against  F(x)  (from 
equation  6)  for  data  of  Figure  53.  This  equation  fits  the  synthesis  data 
in  the  region  from  x  =  0  to  x  =  0.6. 


KINETICS  OF  THE  FISCHER-TROPSCH  SYNTHESIS  WITH 

RUTHENIUM  CATALYSTS 


Hydrogen  and  carbon  monoxide  are  used  in  the  ratio  of  about 
2H2 : 1C  O  on  ruthenium  catalysts.78  At  atmospheric  pressure  the  hydro¬ 
carbon  product  was  almost  exclusively  methane.  The  yields  of  higher 
hydrocarbons  increased  with  operating  pressure  so  that  at  very  high 
pressures  solid  hydrocarbons  predominated. 


1  he  rate  ol  synthesis  increased  with  operating  pressure  to  the  highest 
pressure  studied,  as  shown  in  Figure  64.  The  slope  of  the  conversion- 
jet  length  curve  ol  Figure  65  decreased  continuously  with  increase  of 
bed  length,  the  decrease  in  slope  being  greater  than  observed  with  iron 
co  >alt,  or  nickel  catalysts.  This  implies  that  the  reaction  has  a  large 
t  ependence  upon  partial  pressure  of  components  as  well  as  total  pressure. 


Distribution  ol  Products  from  the  Fischer-Tropsch  Synthesis 

In  addition  to  explaining  the  kinetics  of  the  reaction,  the  correct 

r^u!Tmi<lLC2ytiC  reafT  Sh0Uld  predict  the  dilution  of 
pi oclucts.  Kinetic  data  can,  at  best,  reveal  only  the  mechanism  of  the 

S  Oivest  of  a  series  of  reaction  steps.  Thus,  detailed  data  of  the  product 
*  PiCMer  a"d  H-  Buffleb-  21,  257,  273,  285  (11140). 
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Figure  6-64.  Variation  of  the  extent  of  conversion  with  pressure  on  ruthenium 

catalysts.  Reproduced  from  reference  78. 
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Figure  6-65.  Conversion-reciprocal  of  space-velocity  curves  for  synthesis  on 
ruthenium  catalysts.  Reproduced  from  reference  78. 


Oxygenated  Compou n ds 


distribution  and  its  dependence  on  operational  variables  are  necessary 
for  the  discussion  of  reaction  mechanisms  to  be  presented  in  the  last 
section  of  this  chapter. 


OXYGENATED  COMPOUNDS 

The  formation  of  water  and  carbon  dioxide  has  been  discussed  in  the 
previous  section.  With  nickel,  cobalt,  and  ruthenium  catalysts,  water 
is  the  chief  oxygenated  product;  most  of  the  carbon  dioxide  produced 
by  these  catalysts  appears  to  result  from  a  secondary  water-gas  reaction. 
With  iron  catalysts,  carbon  dioxide  is  the  chief  oxygenated  product, 
and  the  usage  ratio  and  carbon  dioxide  formation  are  more  dependent 
upon  gas  composition  and  flow  than  with  nickel,  cobalt,  and  ruthenium 
catalysts.  Available  data  indicate  that  at  least  a  sizable  fraction  of 
the  carbon  dioxide  formed  on  iron  catalyst  may  result  from  a  secondary 
water-gas  reaction.  At  all  synthesis  temperatures,  the  thermodynamics 
ol  the  reaction  favors  the  formation  of  carbon  dioxide. 

The  free  energies  of  synthesis  reactions  that  produce  alcohols  and 
other  oxygenated  molecules  are  considerably  more  positive  than  those 
of  reactions  producing  hydrocarbons.  Thus,  it  is  likely  that  oxygenated 
hydrocarbons  result  from  either  a  primary  reaction  of  hydrogen  and 
carbon  monoxide  or  a  reaction  of  synthesis  gas  and  olefins  (the  oxo 
reaction),  but  not  from  hydration  of  olefins. 

Y  ith  cobalt  catalysts  only  small  amounts  of  oxygenated  hydro- 
carbons  are  produced  at  atmospheric  pressure.  Larger  amounts  of 
oxygenated  organ, c  compounds  are  formed  in  the  middle-pressure  syn¬ 
thesis.  For  example,  Pichler  stated  that  about  1  per  cent  of  the 
reaction  water  was  oxygenated  organic  compounds.  In  Table  24  64  are 
presented  product  distribution  data  for  a  cobalt  catalyst  operated  in 
the  middle-pressure  range.  Alcohols  are  the  principal  oxygenated  or- 

Whh  2hTcO  ’  T"  am°UntS  °f  ottler  impounds  are  present 
l  2H2.  ICO  gas,  smaller  amounts  of  alcohols  and  olefins  were  pro 

<  need  than  with  1H2:1C0  gas,  and  with  both  gases  the  ouan  hv  oi 
alcohols  decreased  with  increasing  temperature.  ‘ 

With  iron  catalysts  more  alcohols  ami  olefins  were  produced  with 

i  ir  *r  :*  T*,lk  *• 

mdySutl2atrnon,l2jo-C..tdift"V,7.™T!,f,''>v  14518  81  n"  "™ 

erratic.  Olefin  content  increased  with  flow  buf  U  1' d  “btfTUu  ‘ 

-  data  on 
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Table  24.  Products  for  Cobalt-Thoria-Kieselguhr  Catalyst  in  Middle- 

Pressure  Range  (Presumably  12  atm)  “ 

(0.2  per  cent  K2()  in  catalyst.) 


Tem¬ 

pera¬ 

ture, 

°C 

Con¬ 

trac¬ 

tion, 

per 

cent 

Yield, 
g  per 

CU  Ill 

Per  Cent 
Paraffins 
(  >320°C) 

Composition  of  Various  Boiling  Ranges 

195°-250°C 

250°-320°C 

320°-450°C 

Per  Cent 
Olefins 

Per  Cent 
Alcohols 

Per  Cent 
Olefins 

Per  Cent 
Alcohols 

Per  Cent 
Olefins 

Per  Cent 
Alcohols 

2H-2 :  ICO  gas 

160 

55 

97 

53 

12 

15 

9 

9 

25 

170 

93 

69 

10 

10 

6 

9 

3 

5 

180 

72 

138 

58 

10 

8 

3 

3 

3 

3 

1H 

2:  ICO  gas 

170 

47 

71 

49 

29 

27 

19 

21 

17 

17 

175 

50 

96 

58 

33 

29 

19 

23 

14 

17 

195 

62 

115 

54 

38 

19 

23 

8 

16 

8 

a  A.  Scheuermann;  see  reference  64. 


Table  25.  Distribution  of  Products  from  an  Iron  Catalyst  in  Middle- 

Pressure  Range  “ 


(Space  velocity  =  240.) 


Temperature,  °C 
Liquids  +  solids,  g  per  cu  m 
C1-C5,  g  per  cu  m 
Product  composition,  per  cent 
To  195°C 
195°-320°C 
320°-450°C 
>450°C 

Olefins,  per  cent 
195°-250°C 
250o-320°C 
320°-450°C 
Alcohols,  per  cent 
195°-250°C 
250°-320°C 
320°-450°C 

«  A.  Scheuermann;  see  reference  64. 


2H>:  ICO 
245 
75 
24 


23 

24 

25 

26 

24 

16 

8 

9 

6 

9 


1 H2:  ICO 
240 
80 
14 

18 

20 

18 

42 

50 

44 

22 

27 

27 

10 


( Ixyge no  let!  Coni poun (Is 
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Table  26.  Variation  in  Product  Distribution  with  Space  Velocity  (Iron 

Catalyst)  ° 


(IH2:1C0  gas  at  12  atm  and  240°C.) 


Space  velocity 

240 

480 

720 

960 

2,400 

CO  conversion,  per  cent 

46 

34 

24 

23 

11 

Liquids  4-  solids,  g  per  cu  m 

80 

61 

43 

41 

12 

C1-C5,  g  per  cu  m 

14 

8 

6 

6 

10 

Product  composition,  per  cent 

To  195°C 

18 

17 

9 

5 

21 

195°-320°C 

20 

21 

20 

19 

20 

320°-450°C 

18 

23 

21 

21 

24 

>450°C 

44 

30 

50 

55 

35 

Olefins,  per  cent 

To  250 °C 

50 

51 

57 

57 

54 

250°-320°C 

44 

42 

42 

49 

46 

320°-450°C 

32 

25 

30 

33 

37 

Alcohols,  per  cent 

To  250 °C 

27 

29 

19 

23 

30 

250°-320°C 

27 

23 

16 

22 

30 

320°-450°C 

10 

13 

8 

15 

19 

Scheuermann;  see  reference  64. 

4)  indicated  that  the  yields  ol  alcohols  plus  olefins  at  constant  tempera¬ 
tures  increased  with  recycle  ratio,  ie,  with  linear  velocity  of  recycle  gas. 
Lower  operating  temperatures  increased  the  fraction  of  alcohols  but 
decreased  the  fraction  of  olefins,  as  shown  in  Table  27.64  In  these 
experiments  the  conversion  was  maintained  constant,  and  the  flow  and 
temperatures  were  increased.  Pressure  favored  the  formation  of  oxy¬ 
genated  hydrocarbons  and  decreased  the  production  of  olefins  (Table 
28 ) .  ^ 


Hie  only  important  differences  between  the  usual  Fischer-Tropseh 
and  synol  processes  are  that  higher  space  velocities  and  lower  tempera¬ 
tures  are  used  in  the  synol  process,  and  the  synol  products  are  eharac- 
fd  by  large  fractions  of  alcohols  and  olefins.  The  analyses  of  synol 

(Ti*b'eS  42  and  43  °f  Ch;^'-  4-  PP  392yand 
;  hCate  t!  at  ge  arnounts  alcohols  and  olefins  are  found  in 

all  carbon  number  fractions.  The  mole  fraction  of  alcohols  in  each 
carbon  number  fraction  varied  from  15  to  40  per  cent  from  C  to  C 
increased  from  40  to  65  per  cent  from  C  to  r  \  m.2JtoC^ 

to  05  per  cent  above  Cn,  as  shown  in  Figure  V "  FeweTmolf  ^ 
IJr.  Reisinger,  T.O.M.  Reel  13,  Bag  3,043,  Item  3. 
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Table  27.  Variation  of  Products  from  an  Iron  Catalyst  with  Temperature  « 


(2II2:1C0  gas  at  12  atm.) 


Space  velocity 

240 

720 

Temperature,  °C 

230 

250 

CO  conversion,  per  cent 

64 

60 

Liquids  -f-  solids,  g  per  cu  m 

70 

45 

C1-C5,  g  per  cu  m 

18 

37 

Product  composition,  per  cent 

To  195°C 

22 

43 

195°-320°C 

23 

29 

320°-450°C 

23 

17 

>450°C 

32 

11 

Olefins,  per  cent 

To  250  °C 

33 

42 

250°-320°C 

22 

29 

320°-450°C 

12 

14 

Alcohols,  per  cent 

To  250  °C 

22 

4 

250°-320°C 

14 

1 

320°-450°C 

5 

1 

°  A.  Scheuermann;  see  reference  64. 


Table  28.  Effect  of  Pressure  on  Products  from  an  Iron  Catalyst  ° 


(1Ho:1CO  gas  at  space  velocity  of  240.) 


Pressure,  atm 

12 

50 

Temperature,  °C 

215 

225 

CO  conversion,  per  cent 

29 

30 

Liquids  +  solids,  g  per  cu  m 

56 

48 

C1-C5,  g  per  cu  m 

3 

12 

Product  composition,  per  cent 

To  195°C 

17 

41 

195°-320°C 

12 

28 

320°-450°C 

21 

17 

>450°C 

30 

12 

Olefins,  per  cent 

195°-250°C 

48 

23 

250°-320°C 

48 

20 

320°-450°C 

36 

18 

Alcohols,  per  cent 

195°-250°C 

16 

57 

250°-320°C 

18 

57 

320°-450°C 

27 

43 

n  A.  Scheuermann;  see  reference  64. 
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per  cent  of  esters.  Aldehydes  and  ketones  are  usually  present  in  amounts 
less  than  1  per  cent.71  Small  amounts  of  organic  acids  are  produced  in 
the  synthesis  with  iron  catalysts.80  Iron  catalysts  in  fluidized  reactors 
at  temperatures  above  300° C  and  pressures  of  20  atm  or  higher  produce 
large  amounts  of  oxygenated  organic  compounds.81  This  oxygenated 


material  is  about  25  per  cent  of  the  product  (exclusive  of  water  carbon 
diox.de,  and  gaseous  hydrocarbons).  About  75  per  cent  „f  A, 
genated  product  was  soluble  in  the  reaction  water  As Town  £t2L' 

ct  ~  rp*  £  St  x 

were  the  major  constituents  of  ti  l<  *  ^  acetone>  and  acetic  acid 

ketone,  and  acid  fractions,  respectivelyWat°r’SOlUble  aIC°ho1,  aldehyde, 

”  H.  Pichler,  private  communication. 

A  rdsumd  of  a  paper  of  T.  Q  Eliot  f  S  rvir 
/  rocessing,  4,  676  (1949).  ’  S'  Goddln-  anfl  B.  S.  Pace,  Petroleum 


562 


Mechanism  of  Fischer-Tropsch  Synthesis 

■Thus,  the  production  of  oxygenated  compounds  was  favored  by  low 
temperature,  high  space  velocity,  high  operating  pressure,  and  carbon 
monoxide-rich  synthesis  gas.  Alcohol  yields  showed  a  maximum  at 
ethanol  and  then  decreased  with  increasing  carbon  number.  The  small 
yield  of  methanol  tvas  probably  the  result  of  the  low  value  of  the  equi¬ 
librium  constant  for  methanol  formation  (Table  7,  p  21,  of  Chapter  1). 
The  products  from  fluid  reactors  indicated  that  large  amounts  of  oxy¬ 
genated  material  could  be  produced  at  high  space  velocities  and  at 
temperatures  greater  than  300°  C.  Hence,  it  appears  that  the  produc¬ 
tion  of  alcohol  was  more  dependent  upon  space  velocity  than  upon 
temperature. 

DISTRIBUTION  OF  HYDROCARBON  PRODUCTS 

The  overall  distribution  of  hydrocarbons  from  cobalt  catalysts  at  l 
and  7  atm  is  illustrated  by  the  data  of  Underwood  82  in  Figure  67. 


Figure  6-67.  Distribution  of  hydrocarbon  products  from  cobalt  catalysts  in  the 
atmospheric-  and  medium-pressure  syntheses.  Reproduced  by  permission  rom 

reference  82. 

Distribution  curves  for  cobalt  catalyst  are  usually  characterized  by 
high  yields  of  methane,  low  yields  of  C2  hydrocarbons,  and  increasing 
amounts  of  hydrocarbons  with  increasing  carbon  number  to  a  maximum 
at  C5.  Distribution  curves  of  other  workers  (eg  Figures  <2  and  74) 

82  A.  J.  V.  Underwood,  Ind.  Eng.  Chew.,  32,  449  (1940). 
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varied  considerably  but  showed  the  above  characteristics.  An  increase 
in  operating  pressure  increased  the  average  molecular  weight  of  the 
hydrocarbon  products.  This  was  also  shown  by  the  data  of  Fischer 
and  Pichler  61  in  Table  1  of  Chapter  4,  in  which  the  average  molecular 
weight  increased  to  a  maximum  at  15  atm. 

Complete  distribution  data  for  the  products  from  iron  catalysts  are 
not  available.  This  is  possibly  due  to  the  difficulties  inherent  in  frac¬ 
tional  distillation  and  analysis  of  materials  containing  fairly  large 
amounts  of  oxygenated  compounds.  The  (A-C4  hydrocarbons  from 
iron  catalysts  showed  a  minimum  at  C2,  but  the  relative  amounts  of 
C2  hydrocarbons  were  greater  than  for  cobalt  catalysts,  as  shown  in 
Table  29.83  The  average  molecular  weight  of  products  from  iron 


Table  29.  Gaseous  Products  from  Iron  Catalysts  ° 
(1H2:1C0  gas  at  7.8  atm.) 


Hydrocarbon  Products 


Catalyst 

Ci 

c2 

c3 

C4  " 

C6" 

g  pei- 

cu  m 

g  per 

cu  m 

Per 

Cent 

Olefin 

g  per 

cu  m 

Per 

Cent 

Olefin 

g  per 

CU  Ill 

Per 

Cent 

Olefin 

Per 

Cent 

Olefin 

Fused  Fe304-Mg0-K20 
Precipitated  Feo03-CuO- 

k2co3 

13.8 

% 

6.2 

8.6 

5.6 

22.1 

41.0 

14.3 

8.7 

76.8 

82.4 

8.0 

2.7 

79.4 

77.4 

77.7 

72.0 

65/  A‘  Fnetlel  and  R.  B.  Anderson;  see  reference  83 

a„d tnd  MZn0'  “nd  C‘  h)'“"S  «  >«-'ved  in  .iquid 


caudysts  increased  with  pressure  up  to  about  20  atm  (Table  30-  see 

(Table  28)  °  l^“pter  4)  b.ut  decrease<1  somewhat  at  higher  pres/ures 
(  table  28).  With  non  catalysts,  the  average  molecular  weight  of  the 

pioduets  decreased  with  space  velocity  (Table  2(31  'Phis  l  i 
m  the  distribution  data  of  Reisingeb* for ‘ ‘S  *  S°  shown 

t.  A.  I  riedel  and  R.  B.  Anderson  /  4  »»  f'h  e  m 

’  J ■  Am-  Chem-  Soc->  72,  1,212,  2,307  (1950). 
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Table  30.  Effect  of  Operating  Pressure  on  Boiling  Range  of  Product 
from  an  Iron  Catalyst  a  (Ruhrchemie,  Germany) 

Pressure,  atm 


1 

5 

20 

CO  conversion,  per  cent 

95 

70 

75 

Total  yield,  g  per  cu  m 

90 

86 

120 

Gasoline,  per  cent  h 

57 

30 

22 

Diesel  oil,  per  cent  6 

24 

25 

22 

Wax,  per  cent  6 

19 

45 

56 

Olefins  in  gasoline,  per  cent 

68 

63 

63 

Olefins  in  Diesel  oil,  per  cent 

41 

49 

46 

a  E.  H.  Reichl;  see  reference  71. 
h  Per  cent  of  total  of  gasoline,  Diesel  oil,  and  wax. 


Figure  6-68. 


Distribution  of  the  products  from  the  synol  process,  mole  per  cent 
of  total  products.  Reproduced  from  reference  79. 
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of  Ci),  paraffins,  olefins,  and  alcohols,  were  observed  at  C3,  as  shown 
in  Figure  68.  The  fraction  of  C2  products  was  again  smaller  than  C3, 
but  the  amount  of  ethylene  was  greater  than  ethane.  The  yields  of 
methane  were  very  large. 

With  cobalt  catalysts  (Table  24),  the  yield  of  solid  paraffins  was 
greater  with  2H2:1C0  gas  than  with  1H2:1C0  gas.  However,  with 
iron  catalysts  (Table  25),  the  fraction  of  light  hydrocarbons  was  greater 
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Figure  0-69.  Carbon  balance  at  various  pressures  on  a  ruthenium  catalyst.  Repro¬ 


duced  from  reference  78. 


with  2H2:lCO  gas  than  with  lH2:lCO.  With  nickel,  cobalt,  and  iron 

catalysts,  the  average  molecular  weight  of  the  product  decreased  with 
temperature. 

\\ith  ruthenium  catalysts'"  the  average  molecular  weight  of  the 
hydrocarbon  products  increased  with  pressure  up  to  the  highest  pressure 
used.  The  chstr.but.on  between  solid  and  liquid-plus-gaseous  hydro¬ 
carbons  is  shown  m  Figure  69.  More  than  60  per  cent  of  the  wax 

l.’iXr  thl120»C  eThm  Cafyf  “  !■“*  atm  ^  a  melting  point 
was  greater  thTntoOO  “  "  We‘6,,t  °f  “““  hi*'>-melting  waxes 

catalysts  ^Manv'c  #*T  f T*  f‘'°m  nicke'  to  Cobalt  to  ™n 

catalysts.  Many  of  the  factors  that  tend  to  increase  or  decrease  the 

olefin  content  are  the  same  for  catalysts  of  these  three  metals  The 

fraction  ol  unsaturated  hydrocarbons  increased  with  the  Tow  of  sy„! 
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thesis  gas,  as  shown  by  Murata,  Ishikawa,  and  Tsuneoka  84  (Figure  70) 
in  tests  of  nickel  catalysts.  With  iron  catalysts,  the  increase  of  the 
'  fraction  of  olefins  with  flow  was  small,  as  shown  by  the  data  of  Table  20. 
However,  the  recycle  experiments  with  iron  catalysts  (Table  36  of 
Chapter  4)  indicated  that  the  olefin  content  increased  with  flow.  Also 
the  products  from  the  synol  process  (Figures  66  and  68)  contained  a 
large  fraction  of  olefins  which  very  likely  resulted  from  operation  at  a 
high  space  velocity.  The  hydrocarbon  fractions  from  iron  catalysts  in 
fluidized  reactors  at  high  space  velocities  and  temperatures  above  300°C 


Figure  6-70.  The  unsaturation  of  products  from  a  nickel  catalyst  as  a  function  ol 
space  velocity.  Reproduced  from  reference  84. 


usually  contained  more  than  80  per  cent  olefins.  In  this  case  both  the 
high  space  velocity  and  temperature  favored  olefin  formation.  The  data 
of  Anderson,  Krieg,  Friedel,  and  Mason,45  in  which  the  ratio  of  saturated 
to  unsaturated  hydrocarbons  of  the  C4  fraction  was  plotted  against 
bed  length  (or  reciprocal  of  space  velocity),  in  Figure  71,  showed  that 
with  2H2:  ICO  and  3.5H2:1C0  gas  the  fraction  of  olefins  decreased 
with  bed”  length.  With  3.5H2:1C0  gas,  the  ratio  of  H2:CO  increased 
as  the  gas  passed  down  the  catalyst  bed,  and  this  probably  explains 
the  large  increase  in  the  fraction  of  saturated  hydrocarbons  with  bed 
length.  With  1H2:1C0  gas  the  ratio  of  hydrogen : carbon  monoxide 
decreased  with  bed  length  and  the  fraction  of  olefins  increased  with  bed 
length.  Thus,  olefin  production  is  a  function  of  gas  composition  as  well 
as  bed  length  (or  space  velocity).  Extrapolation  of  these  curves  to 
zero  bed  length  indicated  that  both  saturated  and  olefimc  hydrocarbons 
are  obtained  in  the  primary  reaction.  Tables  24  and  25  also  show  t  la 
the  fraction  of  olefins  in  products  from  cobalt  and  iron  catalysts  in¬ 


creased  with  decreasing  ratios  of  H2:CO. 


84  Y.  Murata,  S.  Ishikawa,  and  S.  Tsuneoka,  J.  Soc.  (hem 
binding,  39,  329  (1936). 
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With  cobalt  catalysts,  the  fraction  of  olefins  did  not  change  appreci¬ 
ably  with  temperature  (Table  24),  but  with  iron  catalysts  (Table  2/) 
the  fraction  of  olefin  increased  with  temperature.  The  fraction  of 
olefins  from  cobalt  catalysts  decreased  with  operating  pressure.85  With 
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Figure  6-71.  Ratio  of  saturated  to  unsaturated  C,  hydrocarbons— bed  length 
curves  for  tests  5,  10,  and  14  with  3.5H,  to  ICO,  2H,  to  ICO,  and  1H,  to  ICO  gas 
respect, vely.  The  ratios  of  C,  hydrocarbons  were  computed  from  the  t'otal  amounts 
hese  components  present  at  any  given  position  in  the  bed,  and  are  not  differential 
values.  Reproduced  by  permission  from  reference  45. 

non  catalysts  the  percentage  of  olefins  decreased  slightly  with  pressure 
(lable  28)atm  ^  ‘°  8  «"•*»  ^tent  front  ,2  to  50  atm 

The  fraction  of  olefins  in  the  products  from  cohalt  catalysts  in  the 
2’  3’  and  C5  fractions  was  0  (none  detectable)  39  47  and  43 

per  cent,  respectively.*  Above  C.  the  olefin  fraction  decreed  with 

H.  H.  Storch  et  al,  U.  S.  Bur.  Mines  Tech.  Paper  709  (1948),  p  130. 
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molecular  weight.  In  the  products  from  iron  catalysts  (Table  29) 
ethylene  was  present  in  sizable  amounts,  but  ratio  of  olefin  to  paraffin 
was  smaller  tor  C2  than  for  the  C3— C5  fractions. 


HYDROCARBON  ISOMERS  IN  FISCHER-TROPSCH 

PRODUCTS 


Fischer-Tropsch  hydrocarbons  contain  predominantly  straight-chain 
isomers.  According  to  an  estimate  of  von  Weber,86  the  fraction  of 
branched  isomers  in  the  Cq,  C8,  and  C10  hydrocarbon  fractions  obtained 
from  cobalt  catalysts  was  0.15,  0.27,  and  0.40,  respectively.  In  products 
from  cobalt  catalysts,  Koch  and  Hilberath  87  found  that  the  butane 
fraction  contained  92.5  per  cent  n-butane  and  7.5  per  cent  isobutane, 
and  they  showed  qualitatively  the  presence  of  monomethyl  paraffin 
isomers  in  the  C5-C7  range.  Traces  of  more  highly  branched  isomers 
were  reported,  but  none  involving  quaternary  carbon  atoms. 

Frieclel  and  Anderson 83  reported  mass  spectrometric  analyses  of 
C5-C8  paraffin  isomers  from  atmospheric-pressure  tests  of  cobalt  cata¬ 
lysts,  as  shown  in  Table  23  of  Chapter  4.  The  straight-chain  isomer 
predominated  in  each  fraction,  and  the  extent  of  branching  increased 
with  carbon  number.  Only  monomethyl  branched  isomers  were  found. 

Infrared  spectrometric  analysis  of  the  C6-C8  olefins  from  cobalt  cata¬ 
lysts  indicated  (Table  24  of  Chapter  4)  a  greater  fraction  of  internal 
double-bond  isomers  than  a-isomers,  the  fraction  of  ct-olefins  decreasing 
with  molecular  weight.  Transconfigurations  were  found  in  greater 
concentrations  than  czs  forms  of  internal  olefins. 

Preliminary  analyses  of  products  from  iron  catalysts  at  <.8  atm  indi¬ 
cated  the  presence  of  straight-chain  and  monomethyl  paraffin  isomers; 
however,  the  percentage  of  branched  isomers  was  greater  than  in  prod¬ 
ucts  from  cobalt  catalysts.  Olefins  were  predominantly  «  rather  than 
internal  double-bond  isomers. 

Recently,  Bruner  88  described  the  isomers  present  in  the  products  of 
the  synthesis  on  iron  catalysts  in  a  fluidized  reactor  (the  Hydrocol 
process).  Complete  mass  spectrometric  data  were  reported  for  the  C3, 
C4,  and  C5  fractions,  as  shown  in  Table  59  of  Chapter  4.  A  sample  of 
the  liquid  product  was  hydrogenated  to  saturated  hydrocarbons,  and 
the  C6,  C7,  and  C8  fractions  analyzed  for  extent  of  branching,  by  a 
mass  spectrometric  method.  These  data,  combined  with  those  of  Table 
61  of  Chapter  4,  are  presented  in  Table  31.  As  was  observed  in  the 


V.  von  Weber,  Angew.  Chem.,  52,  607  (1930).  nQS9) 

87  H.  Koch  and  F.  Hilberath,  Brennstoff-Chem.,  22,  135,  145  (1341);  23,  1 

88  F.  H.  Bruner,  Ind.  Eng.  Chew.,  41,  2,511  (1949). 
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products  from  cobalt  catalysts,  the  extent  of  branching  increased  with 
molecular  weight,  but  the  fraction  of  branched  isomers  was  larger  than 
that  in  the  products  from  cobalt  catalysts.  Small  amounts  of  dimethyl 
isomers  and  cyclic  hydrocarbons  were  found.  Hydrocarbons  containing 
quaternary  carbon  atoms  were  not  observed.  The  carbon  number  frac¬ 
tions  from  C4  to  Cn  contained  from  85  to  90  per  cent  olefins,  which  were 
shown  to  be  predominantly  a-olefins. 


Table  31.  Extent  of  Branching  of  Hydrocarbon  Products  from  Iron 
Catalysts  in  a  Fluidized  Reactor0 


Weight  Per  Cent 


Normal 

Monomethyl 

Dimethyl 

Cyclic 

c4 

89.4 

10.6 

0.0 

c6 

80.9 

18.8 

0.0 

0.3 

c6 

75.9 

20.0 

0.4 

3.7 

c7 

60.2 

29.3 

1.7 

8.8 

c8 

55.4 

36.6 

2.4 

5.6 

“  F.  H.  Bruner;  see  reference  88. 


eitkamp  ^  (1  able  62  of  Chapter  4)  presented  isomer  analyses  of 
products  from  fluidized  iron  catalysts  which  are  in  accord  with  the  data 
of  Bruner.  In  addition,  the  aromatic  hydrocarbons  were  analyzed  in 
detail.  For  example,  in  the  C8  fraction,  ethyl  benzene,  o-xylene, 
m-xylene,  and  p-xylene  were  found  in  this  order  in  decreasing  amounts 
(Table  63  of  Chapter  4). 

Straight-chain  isomers  are  less  stable  thermodynamically  than  most 
of  the  corresponding  branched  isomers.  Thus,  straight-chain  isomers 
must  be  produced  by  primary  processes  rather  than  by  subsequent  iso¬ 
merization  of  other  isomers.  Olefins  are  unstable  thermodynamically, 
with  respect  to  hydrogenation  or  hydrocracking,  and  are  probably  pro¬ 
duced  by  primary  processes.  a-Olefins  are  usually  less  stable  thermo¬ 
dynamically  than  olefins  with  internal  double  bonds.  The  analyses  of 
Friedel  and  Anderson  83  and  Bruner 88  indicated  the  presence  of  larger 
amounts  of  a-olefins  than  the  amounts  expected  for  equilibrium  with 
internal  double-bond  isomers. 


The  Mechanism  of  the  Fischer-Tropsch  Synthesis 

1  lie  mechanism  ot  heterogeneous  catalytic  reactions  may  be  divided 
into  five  steps:  (a)  transport  of  reactants  to  the  surface,  (6)  adsorption 
(c)  reaction  on  the  surface,  (d)  desorption  of  products,  and  («)  transport 

89  A.  W.  Weitkamp,  Ind.  Eng.  Chem.,  to  be  published. 
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of  products  from  the  surface.  The  slowest  of  these  determines  the 
kinetics,  and  step  c,  as  well  as  subsequent  reactions,  determines  the 
distribution  ot  products.  Mass  transfer  of  reactants  to  or  of  products 
Irom  the  catalyst  particles  is  probably  not  rate-controlling  in  the  Fischer- 
iropseh  synthesis  because  the  temperature  dependence  of  the  rate  is 
considerably  greater  than  that  usually  expected  for  dilfusional  processes. 
However,  mass  transfer  in  the  pores  of  the  catalyst  particles  as  a  rate¬ 
determining  step  cannot  be  excluded  on  this  basis.  Mass  transfer  in  the 
pores  of  Fischer-Tropsch  catalysts  is  probably  not  a  simple  process, 
since  the  pores  are  at  least  partially  filled  with  adsorbed  hydrocarbons 
during  synthesis. 

Adsorption  of  hydrogen  or  carbon  monoxide  on  iron,  cobalt,  and 
nickel  catalysts  is  rapid  at  synthesis  temperatures.  Hydrogen  is  prob¬ 
ably  largely  adsorbed  as  atoms  and  carbon  monoxide  as  molecules 
which  may  react  with  other  carbon  monoxide  molecules  to  form  carbide. 
However,  adsorption  data  are  not  complete,  since  almost  all  the  experi¬ 
ments  reported  in  the  literature  were  made  with  only  one  gaseous  com¬ 
ponent  and  with  no  adsorbed  hydrocarbon  on  the  catalyst. 

Rate  equations  involving  desorption  of  products  or  intermediates  as 
a  rate-determining  step  have  been  shown  to  approximate  the  kinetic 
data  for  cobalt  and  possibly  also  nickel  catalyst.  With  iron  catalysts, 
the  available  kinetic  data  may  be  approximated  by  equations  in  which 
the  rate-controlling  step  is  the  adsorption  of  hydrogen.  The  Fischer- 
Tropsch  synthesis  is  a  very  slow  catalytic  reaction;  hence,  either  the 
catalytic  process  is  very  slow  or  only  a  very  small  traction  ot  the  surface 
participates  in  the  reaction. 

Most  discussions  of  the  Fischer-Tropsch  reaction  mechanism  are  con¬ 
cerned  with  the  reactions  at  the  catalytic  surface,  step  c.  Early  studies 


of  the  synthesis  led  to  the  consideration  ot  carbides  as  intei  mediates  on 
the  basis  of  the  following  observations:  (a)  only  metals  that  form  inter¬ 
stitial  carbides  are  active  in  the  synthesis;  (6)  these  catalysts  are  active 
at  temperatures  at  which  the  carbides  are  stable;  and  (c)  the  lates  of 
carbide  formation  and  synthesis  are  somewhat  similar.  The  synthesis 
of  higher  hydrocarbons  on  ruthenium  catalysts  as  reported  by  Pichler 78 
in  1940  is  an  exception  to  these  generalizations,  since  ruthenium  appar¬ 
ently  does  not  form  carbides  at  synthesis  temperatures  in  either  carbon 

monoxide  or  synthesis  gas. 

The  carbide  hypothesis  was  first  suggested  by  Fischer  and  Iropsch 
in  1926.  It  was  postulated  that  carbides  formed  by  the  synthesis  gas 
are  hydrogenated  to  methylene  groups.  These  polymerize  to  form 
hydrocarbon  chains  that  desorb  from  the  surface  as  saturated  and  un¬ 
saturated  hydrocarbons. 


The  Carbide  Theory  of  Cruxford  and  R ideal  5<  1 

THE  CARBIDE  THEORY  OF  CRAXFORD  AND  RIDEAL 

Craxford  and  Rideal 30  presented  a  more  detailed  carbide  theory  in 
which  the  following  steps  were  postulated: 


Co  _|_  CO  _>  Co — CO  (chemisorption)  (A) 

Co— CO  +  CO  — >  Co— C  (surface  carbide)  +  C02  or  ( B ) 

Co — CO  +  H2  — »  Co — C  (surface  carbide)  +  H20  (C) 

Co— C  +  H2  — >  Co — CH2  — >  higher  hydrocarbons  D) 

With  cobalt  catalysts,  reaction  C  must  predominate  over  reaction  B, 
since  water,  the  chief  oxygenated  product,  cannot  be  formed  by  subse¬ 
quent  reactions. 

To  elucidate  the  reaction  mechanism,  the  conversion  of  para-  to 
ort/io-hydrogen  in  para-hydrogen-carbon  monoxide  mixtures  was  studied 
on  cobalt  catalysts.  The  experimental  results  were  summarized  as 
follows : 30 

While  the  Fischer  synthesis  is  proceeding  at  about  200°C,  the  ortho-para- 
conversion  does  not  occur  to  any  marked  extent,  but  it  does  occur  for  the  follow¬ 
ing  conditions  under  which  either  there  is  no  reaction  or  else  methane  is  being 
formed. 

(i)  With  normal  synthesis,  CO  +  H2,  at  temperatures  below  140°C,  in  which 
case  there  is  no  reaction. 

(ii)  With  synthesis  gas  at  200°C  for  the  first  hr  or  so,  during  which  time 
methane  and  cobalt  carbide  are  being  produced  and  no  oil. 

(iii)  With  a  mixture  of  24  H2  to  CO  at  200°C  even  after  24  hr.  With  this  gas 
mixture  hardly  any  oil  is  formed,  only  methane. 

(iv)  With  synthesis  gas  above  250°C.  Again  methane  is  the  product  and  no 
oil. 


Since  very  little  para  to  ortho  conversion  occurred  during  the  synthesis 
ot  oil,  Craxford  and  Rideal  concluded  that  no  appreciable  amount  of 
atomic  hydrogen  was  present  in  the  normal  synthesis,  and  that  methane 
production  involved  atomic  hydrogen  in  some  stage  of  the  reaction. 
Inhibition  ot  the  para-ortho  conversion  was  related  to  the  rather  com- 
plete  coverage  of  the  surface  with  cobalt  carbide  that  was  postulated 
or  the  state  of  the  catalyst  in  the  normal  synthesis.  A  detailed  mecha¬ 
nism  involving  only  molecular  hydrogen  was  presented  for  the  formation 
ol  macromolecules  on  the  catalyst  surface: 
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CO  CO  CO 

CO  CO  CO 

1  1  1 

CO  CO  CO 

c  c  c 

J  1  |  +  Ho  -> 

c  c  c 

CHo  CHo  CHo 

111+  1I2 

1  I  “  1 

CH2  CHo  CHo 

•CHo  CHo . CHo . 

III—* 

Branched  macromolecules  with  quaternary  carbon  atoms  may  be  formed 
1?3  incoi  poration  ol  a  carbon  atom  into  chains  ol  methylene  groups. 


The  macromolecules  increase  in  size  until  split  by  hydrogen. 


CH2 . CH2 ch2  CId2 . CH2  CH2  < _ 

!  !  ;  i  ;  j  - > 


CH2— ch2— ch2— ch2 


ch2— CHo 


+h2 

— » 

< - 


H2 

CH2— CH2— CH2-fCH2— CH2— CH2 - > 


C  H  2 — C  H  2 — C  H  3  H  CH2— CHo— CHo 


desorption  |  +H  I  desorption 

1  1 

ch3 — ch2 — ch3  ch3 — ch=cti2 

A  pseudo-equilibrium  was  postulated  between  polymerization  ot 
methylene  groups  and  hydrocracking,  the  latter  reaction  being  favoied 
by  high  concentrations  of  chemisorbed  hydrogen.  Hydrocracking  ot  the 
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macromolecules  may  follow  the  dissociative  chemisorption  mechanisms 
postulated  by  Taylor  and  coworkers  90  (see  p  73,  Chapter  2). 

In  a  later  paper,  Craxford  52  postulated  that  carbon  dioxide  was  pro¬ 
duced  by  the  water-gas  reaction,  and  methane  and  gaseous  hydrocarbon 
formation  by  hydrocracking.  These  reactions  occurred  on  bare  cobalt 
atoms  and  in  the  presence  of  atomic  hydrogen;  the  normal  synthesis 


wtaTcatoL  °f  ihe  PrdUOto  r°rmed  bv  hydrogenation  of  a  used 

catalyst  »,th  those  formed  in  the  synthesis.  Reproduced  by  permission  from 

reference  40. 


occutTot  °„  a  surface  of  cobalt  carbide.  In  another  paper,  Craxford  • 
audied  the  hydrocracking  of  wax  deposited  in  a  cobalt  catalyst  in  atmos- 

Mr«raM8-VS  ^  '85°C-  ,ThC  distribution  ^  Products  from 

rom  the  synthesis  at  this  temperature.  ^generaTl-  ottte  H T 

Data  presented  for  the  incnm  f-  ly‘  loclackm8  of  macromolecules. 

-K  Morikawa  U  S  B  T  ?  “  °f  meth“e  <P  »*>  "'ere  taken 
1,795  (Il»36);  K.  *  >•«*. 

nner,  and  H.  S.  Taylor,  ibid.,  59,  1,103  (1937). 
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as  evidence  for  the  dissociative  adsorption  of  hydrocarbons  on  the 
catalyst  surface,  the  adsorbed  methane  participating  in  the  polymeri¬ 
zation-depolymerization  equilibrium. 

The  theory  of  Craxford  was  the  first  attempt  to  formulate  the  mecha¬ 
nism  of  the  synthesis  in  a  detailed  manner,  and  it  has  proved  to  be  a 
powerful  stimulus  to  discussion  and  experimental  studies  of  the  reaction 
mechanism.  Many  aspects  of  the  theory  may  be  adversely  criticized, 
especially  in  the  light  of  experimental  data  that  have  become  available 
since  Craxford’s  theory  was  published.  These  are  as  follows: 

1 .  The  experimental  data  of  Craxford  and  Rideal 30  are  not  as  con¬ 
clusive  as  may  be  desired. 

2.  The  fact  that  ortho-  to  para- hydrogen  conversion  does  not  occur 
to  a  large  extent  in  the  normal  synthesis  does  not  necessarily  preclude 
the  presence  of  hydrogen  atoms  on  the  catalyst  surface.  It  may  merely 
indicate  that  hydrogen  molecules  converted  to  the  equilibrium  concen¬ 
tration  of  ortho-para  forms  do  not  escape  from  the  surface  in  sizable 
amounts.  This  could  occur  in  at  least  two  cases:  (a)  if  the  rate  of 
adsorption  of  hydrogen  is  the  rate-determining  step,  and  (6)  if  the  rate 
of  diffusion  in  long,  small  pores  is  an  important  factor  in  the  synthesis. 
In  the  latter  instance,  hydrogen  molecules  desorbed  from  the  surface 


of  a  pore  would  have  to  diffuse  against  a  net  flow  of  gas  into  the  poic 
caused  by  the  gas  contraction.  Thus,  it  is  possible  that,  under  certain 
conditions,  very  little  of  the  desorbed  hydrogen  would  appear  in  the 
exit  gas,  and  that  most  of  this  hydrogen  remains  in  the  pores  until  it 

reacts  in  the  synthesis. 

3.  The  amount  of  cobalt  carbide  found  in  used  Fischer- Tropsch  cata¬ 
lysts  is  quite  small.  Carburization  of  cobalt  catalysts  to  produce  high 
concentrations  of  carbide  caused  the  catalyst  to  be  inactive  (p  525),  anc 
operation  of  reduced  catalysts  at  atmospheric  pressure  in  lH2:lCO  or 
gases  richer  in  carbon  monoxide  caused  a  progressive  decrease  in  activity. 
Carbon  monoxide-rich  gas  should  favor  carbide  formation  Inhibiting 
the  ability  of  the  catalyst  to  form  carbide  by  deposition  ot  free  car  ion 
(p  526)  did  not  change  the  activity  in  the  synthesis.  Howevei ,  it  sliou  i 
be  mentioned  that  the  low  activity  of  catalysts  carburized  m  car  ion 
monoxide  may  be  due  to  poisoning  of  the  active  surface  by  oxide  forma¬ 
tion,  and  the  activity  of  catalysts  carburized  with  higher  hydrocarbons 

should  be  investigated.  abides  are 

4  With  iron  catalysts,  Hagg  and  hexagonal  (Fe2C)  caibides a _ 

found  in  sizable  amounts  in  used  catalysts,  and  in  some  casesth e  activ  ty 

increases  with  the  fraction  of  iron  present  as  Fe2C  carbides.  Heibst 

l  l  1  tW  the  nresence  of  the  hexagonal  carbides  was  a  necessa  y 
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only  carbide  in  the  surface  layers  can  be  directly  involved  in  the  reaction 
mechanism,  but  the  bulk  carbide  may  provide  a  suitable  substrate  loi 
active  surface  layers. 

5.  Branched  hydrocarbons  formed  in  the  synthesis  contain  ternary 
rather  than  quaternary  carbon  atoms  as  predicted  by  Craxford’s  theory. 

6.  With  cobalt  catalysts,  reactions  producing  methane  and  carbon 
dioxide  occur  to  an  appreciable  extent  throughout  the  catalyst  bed,  and 
Craxford’s  theory  does  not  appear  to  be  an  adequate  explanation  of  the 
data  of  Anderson,  Krieg,  Friedel,  and  Mason  45  and  Koelbel  and  Engel- 
hardt.63 

7.  The  carbide  theory  does  not  predict  the  formation  of  oxygenated 
compounds.  Iron  catalysts  which  usually  contain  rather  large  amounts 
of  bulk  Fe2C  carbides  produce  very  much  greater  amounts  of  oxygenated 
products  than  cobalt  catalysts. 

8.  The  distribution  curves  of  products  from  synthesis  and  hydro¬ 
cracking  differ  sufficiently  to  make  their  interpretation  questionable. 

9.  Incorporation  of  methane  in  the  synthesis  supports  the  postulates 
of  dissociative  adsorption  of  hydrocarbons  on  the  catalyst  and  the  poly- 
merization-depolymerization  equilibrium  of  Craxford.  However,  it 
should  be  noted  that  incorporation  of  methane  is  not  a  general  phenom¬ 
enon  and  possibly  occurs  only  with  specially  prepared  catalysts  or  in 
short  periods  of  the  catalyst  life.  Analysis  of  synthesis  and  product 
gas  mixtures  for  methane  by  simple  volumetric  methods  is  not  very 
accurate.  Careful  experiments  of  Emmett  and  Kummer,41  employing 
tracer  techniques  as  described  later  in  this  section,  indicate  that  methane 
was  not  incorporated  in  the  synthesis. 

10.  The  rate  of  the  reaction  between  hydrocarbons  adsorbed  on  cobalt 
catalysts  and  hydrogen  is  markedly  different  if  carbon  monoxide  is 
present  or  absent;  the  rate  of  hydrocracking  with  pure  hydrogen  is 
several  times  the  rate  of  synthesis.  This  suggests  that  the  hydrocracking 
reaction  may  be  inhibited  by  poisoning  of  the  catalyst  with  carbon 
monoxide.  This  poisoning  may  be  due  to  carbide  as  suggested  by 
Craxford,  chemisorbed  carbon  monoxide,  or  some  intermediate  derived 
Irom  carbon  monoxide.  Similarly,  cobalt  catalysts  operated  in  carbon 
monoxide-rich  gas  or  those  precarbided  in  carbon  monoxide  have  low 
catalytic  activity.  Thus,  some  surface  phase  derived  from  carbon 
monoxide  appears  to  poison  the  catalyst,  and  it  is  possible  that  the 

suZe  T1  o  T  ,yStfln(,the  Synthesis  is  <lue  to  •  P"tially  poisoned 
'  ,  ace.  T  he  slow  rate  ol  the  synthesis  is  consistent  with  the  concept 

Ol  a  partially  poisoned  catalyst.  If  this  is  correct,  the  surface  phase 

o  med  m  the  presence  ol  carbon  monoxide  should  be  regarded  as  an 

m  nbitor  and  not  the  active  catalyst  as  suggested  by  Craxford 
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MECHANISM  STUDIES  USING  C14 


Kummer,  DeWitt,  and  Emmett 27  studied  the  mechanism  of  the 
Fischer-Tropsch  synthesis  on  iron  and  cobalt  catalysts,  using  the  radio¬ 
active  isotope  of  carbon,  C14,  as  a  tracer.  Only  a  small  fraction  (0.1 
per  cent  or  less)  of  radioactive  carbon  monoxide,  C140,  in  ordinary 
carbon  monoxide  was  necessary  for  accurate  measurement.  The  radio- 
activity  ol  reactant  s  and  products  was  determined  with  a  Geiger  counter 
by  the  following  method:  The  reactants  and  products  were  fractionated 


into  three  portions,  the  first  containing  H2,  CO,  and  CH4;  the  second, 
C02  and  gasol  hydrocarbons  (C3  and  C4) ;  and  the  third,  higher  hydro¬ 
carbons.  These  fractions  were  analyzed  by  combustion  in  oxygen  to 
carbon  dioxide  and  water.  The  carbon  dioxide  was  absorbed  in  a  barium 
hydroxide  solution,  anti  the  precipitated  barium  carbonate  was  collected 
on  a  filter  paper  and  dried.  The  radioactivity  of  this  barium  carbonate 
was  determined  with  a  Geiger  counter. 

The  catalysts  were  tested  in  the  synthesis  at  about  atmospheric  pres¬ 
sure  in  an  all-glass  apparatus  in  which  synthesis  gas  or  other  gases  were 
circulated  by  a  magnetic  pump  (this  system  was  somewhat  similar  to 
that  of  Weller  32  in  Figure  15,  Chapter  2).  Surface  areas  of  the  catalysts 
were  determined  by  the  nitrogen  adsorption  method,  and  the  extent  of 
metal  in  the  catalyst  surface  was  estimated  by  the  chemisorption  of 
carbon  monoxide  at  —  78°C.  Catalysts  studied  were  (a)  pure  fused 
magnetite,  ( b )  fused  Fe304-Al203-Si02-Zr02,  (c)  precipitated  Co-ThOo- 
kieselguhr,  and  (d)  precipitated  iron  oxide  gel. 

At  first  consideration,  the  experimental  test  of  the  carbide  theory 
appears  to  be  simple.  The  catalyst  should  be  carbided  with  a  surface 
layer  containing  C14  carbide,  and  the  rate  of  appearance  of  C14  in  the 
hydrocarbon  products  should  indicate  the  extent  to  which  the  carbide 
participates  in  the  synthesis.  However,  it  must  first  be  established 
whether  or  not  exchange  reactions  between  radioactive  carbon  as  carbide 
and  the  carbon  atoms  in  carbon  monoxide,  carbon  dioxide,  and  hydro¬ 
carbons  occur,  and,  second,  whether  a  uniform  and  stable  suilace  ol 
C14  carbide  can  be  formed. 

To  minimize  the  use  ol  C14,  the  reduced  catalyst  was  caibuiized  with 
normal  carbon  monoxide  to  60-70  per  cent  Fe2C  or  C  o2C,  and  then  the 
catalyst  was  carburized  an  additional  10  per  cent  with  carbon  monoxide 
containing  C140.  The  radioactivity  of  the  surface  was  determined  by 
hydrogenating  the  equivalent  of  carbide  covering  about  25  per  cent  of 
the  catalyst  surface  and  determining  the  radioactivity  of  the  methane. 
In  all  cases,  even  though  carbide  containing  C14  equivalent  to  many 
layers  was  deposited  on  the  catalyst,  the  radioactivity  of  the  surface 
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was  smaller  than  that  of  the  carbon  monoxide  used  in  the  second  stage 
of  the  carburization.  In  hydrogenation  of  these  carbtded  catalysts  over 
long  periods,  some  radioactivity  was  found  in  the  methane  formed  until 
all  the  carbon  was  removed.  This  suggests  that  some  ol  the  C  diffuses 
rapidly  through  the  iron  phase  and  deposits  on  the  interlace  ot  *e2 
crystallites  at  rather  large  distances  from  the  surt ace.  ( )n  hydrogenation, 
the  C14  together  with  normal  carbon  diffuses  to  the  surface.  Althoug  1 
the  activity  of  the  surface  was  lower  than  anticipated,  its  activity  did 
not  change  appreciably  over  periods  as  long  as  48  hr  at  305°  C.  ^ 

It  was  established  that  hydrocarbons  did  not  exchange  with  C 
carbide.  Exchange  between  carbon  monoxide  and  C 1 4  carbide  was  about 
5  per  cent  at  250° C  and  29  per  cent  at  322° C.  A  catalyst  that  had  been 
converted  to  65  per  cent  normal  Fe20  was  operated  in  the  s^  nthesis 
at  253° C  with  1H2:1C0  gas  to  which  about  20  per  cent  of  methane 
containing  C14H4  had  been  added.  Radioactivity  was  not  observed  in 
either  the  gasol  or  liquid  hydrocarbon  fractions,  indicating  no  exchange 
between  methane  and  synthesis  products  and  no  incorporation  oj  radio¬ 
active  methane.  This  is  important  because  some  radioactive  methane 
is  produced  by  partial  hydrogenation  ot  radioactive  carbide  in  the  syn¬ 
thesis. 

In  the  synthesis  experiments,  the  radioactivity  of  the  surface  was 
determined  before  and  after  the  synthesis  by  brief  hydrogenations.  The 
average  activity  was  assumed  to  be  the  mean  of  these  two  values.  Data 
obtained  in  a  typical  experiment  are  given  in  Table  32.  In  this  test,  the 

Table  32.  Fischer-Tropsch  Run  (Run  10S)  on  Catalyst  B  Carbided  to  94.7 

Per  Cent  F'eoC 

(Weight  of  reduced  sample,  1.95  g;  temperature  of  run,  252°C;  time  of  run,  332  min; 
pressure  of  run,  765-580  mm;  surface  activity  before  the  run,  1,410  counts  per  min 
per  cc;  surface  activity  after  the  run,  745  counts  per  min  per  cc;  synthesis  gas  con¬ 
tained  82.2  cc  It.  and  80.1  cc  CO.) 


Produced  or  Left, 
cc 


Activity 


Unaccounted  for, 
cc 


CO 

'45.5 

4.7  counts  per 

min  per  cc  of  C()2 

C  » 

16. 1 

Ho 

22.2 

IT 

16.7 

CH4 

5. 1 

199  “  “ 

«  «  «  U  U 

Oo 

2.75 

co2 

3.02 

C2.6H5 

3.98 

45  “  “ 

«  a  u  u  a 

HoO 

23.1 

Per  cent  of  total 

product  formed 

(45) (100) 

through  Fe2C  as  an  intermediate 

(1,410  +  745) /2 

=  4.2 

per  cent 

°  The  volume  that  the  carbon  atoms  would  occupy  if  they  were  an  ideal  monatomic 
gas. 
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radioactivity  in  the  gasol  (C2.6H5)  fraction  indicated  that  only  4  2  per 
cent  ot  tins  product  was  produced  with  Fe,C  as  an  intermediate.  A 
sizable*  amount  of  radioactive  methane  was  produced,  presumably  by 
direct  reduction  of  the  carbide.  The  synthesis  experiments  with  iron 
catalysts  at  250°  C  or  lower  or  with  cobalt  catalysts  at  200°  C  indicate  that 
on  the  average  10  per  cent  of  the  reaction  proceeds  by  the  carbide 
mechanism.  1  hese  data  were  based  on  the  radioactivity  found  in  the 
gasol  fi action.  Analysis  ol  some  of  the  liquid  hydrocarbons  showed  a 
somewhat  greater  radioactivity  than  the  gasol  hydrocarbons,  indicating 
that  the  carbide  mechanism  may  occur  to  a  slightly  greater  extent  in 
the  formation  of  the  liquid  hydrocarbons. 

1  he  influence  of  possible  surface  heterogeneity  on  the  interpretation 
of  these  experiments  was  considered.  It  might  be  assumed  that  hydro¬ 
carbons  were  produced  by  the  carbide  mechanism  and  that  3  or  4  per 
cent  ol  the  surface  synthesized  90  per  cent  of  the  hydrocarbon.  This 
3  or  4  per  cent  of  the  surface  would  soon  be  depleted  of  radioactive 


carbide  so  that  90  per  cent  of  the  reaction  products  would  be  formed 
from  normal  carbide  deposited  on  the  catalysts  from  normal  synthesis 
gas.  From  such  an  experiment  it  might  be  erroneously  concluded  that 
90  per  cent  of  the  reaction  occurred  by  mechanisms  other  than  carbide 
reduction.  Experiments  with  iron  catalysts  were  arranged  in  which  the 
amount  of  reaction,  if  it  proceeded  entirely  by  the  carbide  mechanism, 
would  involve  only  a  small  fraction  of  the  surface.  These  data,  shown 
in  Figure  73,  indicated  that,  when  as  small  a  fraction  as  1  per  cent  of 
the  surface  was  involved,  only  11.5  and  15  per  cent  of  the  reaction  on 
iron  catalysts  at  200°  and  300°C  proceeded  by  reduction  of  carbide. 

Rummer,  DeWitt,  and  Emmett 27  concluded  that  only  a  small  frac¬ 
tion  of  the  hydrocarbons  is  formed  by  the  reduction  of  bulk  or  “surface” 
carbide,  the  term  “carbide”  in  this  case  referring  to  any  carbide  de¬ 
posited  on  the  catalyst  by  carbon  monoxide.  These  experiments  surely 
do  not  preclude  carbon  atoms  that  may  exist  momentarily  at  the  catalyst 
surface  in  some  reaction  step  being  intermediates  in  the  synthesis. 

Thermodynamic  studies  of  Hagg  carbide,  Fe2C,  and  cementite  of 
Emmett  and  coworkers 91  (Chapter  1,  p  30)  indicated  that  it  is  not 
possible  to  hydrogenate  these  carbides  to  appreciable  amounts  ot  any 
olefin  or  to  paraffins  above  butane.  However,  it  is  thermodynamically 
possible  to  incorporate  carbidic  carbon  with  hydrogen  and  carbon 
monoxide  into  the  synthesis.  Recent  studies  of  Podgurski,  Rummer, 
DeWitt,  and  Emmett 22  showed  that  carbon  monoxide  is  not  adsorbed 
on  Fe2C  (Hagg)  carbide  at  100°  and  200°C,  whereas  hydrogen  is  appre- 


91  j  x.  Kummer,  L.  C.  Browning,  and  P.  II.  Emmett,  J.  Chem.  Phys.,  16,  739 
(1948);  L.  C.  Browning,  T.  W.  DeWitt,  and  P.  II.  Emmett,  J .  Am..  Chem.  Soc.,  72, 

4211  (1950). 
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ciabIy  chemisorbed.  Since  the  chemisorption  of  carbon  monoxide  is 
probably  a  necessary  step  in  the  reaction  mechanism,  it  appears  that 

Fe2C  cannot  be  an  active  catalyst  in  the  synthesis. 

To  summarize  our  discussion  of  the  carbide  theory.  The  results  of 
thermodynamic,  tracer,  and  synthesis  studies  indicate  that  bulk-phase 
carbide  participates  in  the  synthesis  only  to  a  negligible  extent,  if  at  all. 
Hydrogenation  of  “surface”  carbide,  as  formed  by  precarbiding  catalysts 
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Figure  6-73.  The  per  cent  of  the  synthesis  proceeding  by  the  carbide  mechanism 
as  a  function  of  the  fraction  of  t lie  surface  involved  in  the  reaction.  Reproduced  by 

permission  from  reference  27. 

with  carbon  monoxide,  can  account  for  only  10-20  per  cent  of  the  hydro¬ 
carbon  product.  However,  the  mechanism  may  include  a  step  in  which 
carbon  atoms  are  momentarily  formed  at  the  surface,  but  it  is  question¬ 
able  if  these  should  be  termed  surface  carbides.  Probably  “chemisorbed 
carbon”  would  be  preferable.  A  number  of  the  postulated  of  Craxford’s 
detailed  reaction  mechanism  have  been  shown  to  be  contrary  to  ex¬ 
perimental  evidence  as  summarized  on  pp  571-575.  Synthesis  experi¬ 
ments  indicate  that  cobalt  carbide  is  not  an  active  catalyst  in  the  syn¬ 
thesis.  Adsorption  studies  may  possibly  indicate  that  carbides  of  iron 
are  also  inactive  in  the  synthesis,22  but  this  is  contradictory  to  a  large 
number  ot  data  in  which  the  activity  of  iron  catalysts  is  increased  by 
pretreatment  to  form  hexagonal  or  Hagg  carbides,  cementite,  or  nitrides. 
It  is  possible  that  the  presence  of  interstitial  carbon  or  nitrogen  atoms 
in  11-011  catalysts  may  enhance  the  activity  in  a  relatively  secondary 
manner,  such  as  by  increasing  the  resistance  of  the  catalyst  to  oxidation 
during  the  synthesis. 
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POSSIBLE  MECHANISMS  WHICH  DO  NOT  INVOLVE 
SURFACE  CARBIDE  AS  AN  INTERMEDIATE 


The  reaction  mechanism  need  not  involve  the  hydrogenation  of  ad¬ 
sorbed  carbon  monoxide  to  carbide  and  methylene  groups.  The  mecha¬ 
nism  may  involve  the  formation  of  formaldehyde  which  may  undergo 
hydrogenation  and  condensation  to  compounds  containing  more  than 
one  carbon  atom,  as  postulated  for  the  higher  alcohol  synthesis.  The 
small  amount  of  formaldehyde  in  the  reaction  products  may  be  explained 
on  a  thermodynamic  basis.  The  presence  of  oxygenated  organic  mole¬ 
cules  in  the  reaction  products  is  not  conclusive  evidence  against  carbide 
as  an  intermediate  since  oxygenated  compounds  can  be  formed  by  an 
oxo-type  reaction  involving  olefins  produced  by  an  initial  reaction. 
However,  the  presence  of  methyl  and  ethyl  alcohols  as  found  in  products 
from  iron  catalysts  cannot  be  explained  in  this  manner. 

Pichler  23  stated : 

The  possible  occurrence  of  intermediate  compounds  of  the  carbonyl-type 
should  not  be  arbitrarily  discarded.  .  .  .  Optimum  conditions  (for  the  synthesis) 
prevail  at  pressures  just  below  which  (at  the  corresponding  temperatures)  the 
tendency  toward  formation  of  volatile  carbonyls  becomes  so  great  that  deteriora¬ 
tion  of  the  catalyst  results.  In  other  words,  conditions  must  be  chosen  in  such  a 
way  that  the  rate  of  formation  of  volatile  carbonyl  remains  somewhat  less  than 
that  for  the  supposed  intermediate  carbon  monoxide  compounds  with  hydrogen. 

A  comparison  of  the  optimum  pressure  ot  synthesis  with  the  minimum 
pressure  at  which  deleterious  carbonyl  erosion  of  the  catalyst  occui  s  is 
given  in  Table  33.  Pichler’ s  hypothesis  is  not  a  unique  explanation  of 


Table  33.  Comparison 
at  Which  Undesirabi 


of  Optimum  Synthesis  Pressures  with  Pressures 
iE  Formation  ok  Carbonyls  Occurs  at  Synthesis 


Temperatures " 


Active  Component 
Optimum  for  synthesis 
Undesirable  carbonyl  formation 


«  H.  Pichler;  see  reference  23. 


Synthesis  C 


Ni 

Co 

Fe 

1 

5-30 

10-30 

>1 

>30 

>30 

as  Pressure,  atm 

Ru 

100-1,000 

Carbonyls  may  form  on 
the  surface  of  the  cata¬ 
lyst  under  these  condi¬ 
tions  of  temperature 
and  pressure 


the  observed  results,  since  any  reaction  mechanism  in  which  the  . 
increases  with  pressure  would  give  this  type  of  relationship.  In 
synthesis  with  cobalt  catalysts,  it  is  possible  that  most  of  the  advantag  s 
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of  middle-  over  atmospheric-pressure  operation  may  result  from  rela¬ 
tively  secondary  phenomena  (see  p  522).  However,  the  suggestion  that 
the  initial  attachment  of  carbon  monoxide  to  catalyst  surface  involves 
carbonyl-type  bonds  appears  very  reasonable. 

There  are  some  interesting  similarities  between  the  Fischer-Tropsch 
and  higher-alcohol  syntheses.  In  the  latter,  the  distribution  of  alcohols 
shows  a  minimum  at  C2.  Complete  analyses  of  the  products  ol  the 
higher-alcohol  synthesis  have  not  been  published,  but  available  data 
(p  109,  Chapter  2)  indicate  that  only  normal,  monomethyl,  and  dimethyl 
substituted  carbon  chains  are  present  .  Alcohols  with  quaternary  carbon 
atoms  have  not  been  reported.  In  both  syntheses,  the  presence  of  alkali 
oxides  increases  the  average  molecular  weight  of  the  product. 

HYPOTHESES  REGARDING  THE  METHOD  OF  BUILDING 

THE  CARBON  CHAIN 

In  the  remainder  of  this  section  on  the  reaction  mechanism  we  shall 
discuss  hypotheses  regarding  the  method  of  formation  of  the  molecules 
found  in  the  synthesis  products  without  particular  consideration  of  the 
initial  step  of  the  process,  and  conclude  with  a  detailed  set  of  postulated 
reactions,  which  are  consistent  with  the  observed  products  from  the 
synthesis. 


The  Polymerization-Depolymerization  Hypothesis 


Craxford  (p  572)  postulated  a  polymerization-depolymerization  mech¬ 
anism  involving  the  formation  and  hydrocracking  of  macromolecules  at 
the  catalyst  surface.  Montgomery  and  Weinberger 9*  considered  the 
possibility  of  explaining  the  observed  product  distribution  by  a  thermo¬ 
dynamic  polymerization-depolymerization  equilibrium.  Equilibrium 
calculations  were  made  by  a  modification  ot  the  Brinkley  method.93 
Methane  and  ethane  were  assumed  to  be  the  independent  components, 
and  products  were  expressed  in  terms  of  equations  of  the  type 


U) 


-(n  -  1)C2H6  =  CnU2n  +2  +  (n  -  2)CH4 

The  equilibrium  distributions  were  expressed  in  terms  of  temperature 
methane: ethane  ratio,  and  overall  atom  ratio  of  hydrogen : carbon  of 
the  products.  Qualitative  agreement  with  distribution  data  was  ob¬ 
tained  at  200° C  with  CH4:C2H6  =  11.5  and  H:C  =  2.67.  However 
t  be  values  of  the  CH4 :  C2H6  ratio  and  the  H :  C  ratio  required  to  approxi¬ 
mate  the  distribution  curve  were  considerably  greater  than  those  usually 

93^ ’i? '  •Mon]K°mery  and  E.  B.  Weinberger,  ibid.,  16,  424  (1048). 

S"  Ermkley,  Jr.,  ibid.,  14,  563  (1946);  16,  107  (1947). 
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observed.  The  observed  values  of  CH4:C2H6  ratio  usually  vary  from 
5  to  8;  the  ratio  of  H:C  =  2.67  requires  a  usage  ratio  of  H2:CO  of  2.33, 
which  is  higher  than  usually  observed.  Better  agreement  with  the 
distribution  data  of  products  obtained  at  200°  C  was  found  if  the  tem¬ 
perature  used  in  the  calculation  was  taken  as  327°C,  and  CH4:C2H6  = 
7.0,  and  H:C  =  2.59.  The  authors  suggested  that  the  surface  tempera¬ 
ture  of  the  catalyst  may  actually  be  considerably  higher  than  the  bed 
temperature. 

The  method  of  Montgomery  and  Weinberger 92  fairly  satisfactorily 
approximates  the  distribution  of  products  from  cobalt  catalyst;  how¬ 
ever,  it  should  be  noted  that  specification  of  the  CH4:C2Hfi  and  H:C 
ratios  places  strong  limitations  on  the  distribution  curve.  It  does  not 
appear  that  this  method  would  be  applicable  to  products  containing 
sizable  amounts  of  olefins  or  oxygenated  compounds,  since  these  should 
not  be  found  in  appreciable  amounts  if  thermodynamic  equilibrium 
between  the  products  is  attained. 


Hypotheses  Involving  Stepwise  Addition  to  Carbon  Chain 

Herington  94  considered  a  stepwise  increase  of  the  carbon  chain  on 
the  catalyst  surface  rather  than  the  hydrocracking  of  macromolecules 
postulated  by  Craxford.  Each  carbon  number  fraction  was  given  a 
probability  0n  of  appearing  as  product  rather  than  growing  on  the  sur¬ 
face  to  appear  as  a  higher-molecular-weight  hydrocarbon.  The  surface 
concentration  of  these  molecules  was  assumed  to  be  sufficiently  great 
so  that  the  number  appearing  as  product  did  not  upset  the  concentration 

oo 

on  the  surface.  Thus,  ft,  =  4„/E  <#>*.  where  4„  is  the  number  of  moles 

u~\r  1 

of  product  of  carbon  number  n.  The  values  of  f3n,  computed  from  the 
distribution  of  products  from  cobalt  catalysts  of  Craxford,  were  fairly 
constant  at  0.30.  Friedel  and  Anderson  83  computed  values  of  from 
a  more  complete  and  somewhat  different  distribution  curve  of  products 
from  cobalt  catalysts  at  atmospheric  pressure,  as  shown  in  Figure  /  4. 
The  values  of  0n  increased  from  less  than  0.10  for  C2  to  greater  than  0 .So 
for  C20.  From  C5  to  C15,  was  about  0.20  with  a  slight  upward  trend 
It  has  been  shown  by  Friedel  and  Anderson  that,  when  the  value  of 
0n  is  constant,  1  +  0  =  1-  Thus,  with  respect  to  the  number 

of  moles  in  a  given  carbon  number  fraction,  x, 

*.  =  4,(1  +  0r<“-*)  (8) 

and  W„  £  14*.  =  14*,(1  +  (9) 

94  E.  F.  G.  Herington,  Chemistry  &  Industry,  1946,  347. 
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Figure  6  74  Parts  a  and  b  present  the  distribution  of  total  hydrocarbon  products 
lro,n  atmospheric  tests  of  cobalt  catalysts  at  100"C  in  terms  of  grams  wr  cub  ! 
mete,  ol  syntheses  gas  and  mole  per  cent.  Part,  c  is  a  plot  of  Herington’s  probability 
turn  (in.  Constructed  from  data  of  reference  83. 
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where  II  n  is  weight  of  product  of  carbon  number  n.  This  weight  curve 
has  a  maximum  at  1  /n  =  2.303  log10  (1  +  0),  eg,  for  0  =  0.20  the  maxi¬ 
mum  is  predicted  at  the  C5  and  Cg  fractions. 

Weller  and  Friedel 95  considered  the  process  of  building  molecules  by 
successive,  one-step  additions  to  the  carbon  chain  of  groups  containing 
a  single  carbon  atom,  and  demonstrated  that  with  simple  and  reasonable 
assumptions  it  was  possible  to  predict  accurately  the  percentage  of  each 
isomer  in  the  carbon  number  fractions  from  C5  to  C8  of  products  from 
cobalt  catalysts.  It  is  not  necessary  to  specify  the  type  of  the  group 
added  to  the  carbon  chain.  The  postulated  rules  for  the  addition  were: 

1.  “Addition  occurs  at  any  terminal  or  next  to  terminal  (penultimate) 
carbon  atom  with  two  restrictions: 


a.  Addition  to  a  tertiary  carbon  atom  does  not  occur. 

b.  Addition  to  a  side  chain  occurs  only  if  the  side  chain  is  attached 
to  a  penultimate  carbon. 


2.  “The  probability  of  addition  to  a  terminal  carbon  atom  (a)  is 
intrinsically  different  from  that  for  addition  to  a  penultimate  one  (6),” 
and  a  +  b  =  1.  “All  terminal  atoms  have  the  same  a  priori  probability, 
as  well  as  all  penultimate  atoms,”  and  these  probabilities  are  independent 
of  chain  length  but  may  depend  upon  the  nature  of  the  catalyst. 

3.  “The  distribution  of  isomers  in  the  final  product  is  identical  with 
the  distribution  on  the  catalyst  surface.” 

Beginning  with  C3,  it  is  possible  to  form  zz-butane  in  2a  ways 

2 a 

and  z'-butane  in  b  ways,  the  fractions  of  n-  and  z'-butane  being  ^  b 


2  a 


a  +  1, 


and 


a  T  1 


,  respectively.  Pentanes  can  be  formed  by  a 

carbon  addition  to  either  n-  or  z'-butane,  n- pentane  being  formed  from 
n-butane,  and  z'-pentane  by  addition  to  both  n-  and  z'-butane.  The 
fractions  of  ft-  and  z'-pentane  are  then 


71-pen  tane  = 


z'-pentane  = 


2a 


2  a 


2a  -b  2 b 
2b 


a  T  1 
2  a 


+ 


2d1 

a  T  1 

6 


6(2a  +  1) 
a  +  1 


2a  +  2b  a  +  1  a  +  1 

In  this  manner  the  distribution  of  isomers  in  any  carbon  number  fraction 
may  be  evaluated  in  terms  of  a  and  b.  Comparison  of  observed  isomer 

95  S.  Weller  and  It.  A.  Friedel,  J.  Chem.  Phys.,  17,  801  (1949). 
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distribution  data  with  those  calculated,  using  empirical  values  of  a  and 
b  in  Tables  34  and  35,  show  that  this  method  of  predicting  product 
distribution  is  quite  satisfactory. 


Table  34.  Comparison  of  Calculated  and  Observed  Percentages  of  Isomers 
in  Products  from  Cobalt  Catalysts 

Mole  Per  Cent  in  Fraction 


Weller  and 

Anderson, 

Friedel  h 

Friedel,  and 

a  =  0.961, 

Storch  e 

Isomers 

Observed  ° 

b  =  0.039 

/  =  0.035 

n-Butane 

98.0 

96.6 

i-Butane 

2.0 

3.4 

«-Pentane 

95.0 

94.2 

93.4 

f-Pentane 

5.0 

5.8 

6.6 

n-Hexane 

89.6 

90.5 

90.2 

2-Methyl  pentane 

5.7 

5.6 

6.4 

3-Methyl  pentane 

4.7 

3.8 

3.2 

Other  C6  isomers 

0 

<0.1 

<0.1 

n-Heptane 

87.7 

87.0 

87.3 

2-Methylhexane 

4.6 

5.4 

6.2 

3-Methylhexane 

7.7 

7.3 

6.2 

Other  Cy  isomers 

0 

<0.25 

<0.3 

n-Octane 

84.5 

83.6 

84.4 

2-Methylheptane 

3.9 

5.2 

6  0 

3-Methylheptane 

7.2 

7.1 

.  yj 

6  0 

4-Methylheptane 

4.4 

3.5 

U  .  \J 

^  0 

Other  Cg  isomers 

0 

<0.25 

o .  u 

<0.4 

A.  Fiiedel  and  R.  B.  Anderson;  see  reference 

83. 

eller  and  R.  A.  Friedel;  see  reference  95 

B.  Anderson,  R.  A.  Friedel, 

and  H.  H.  Storch;  see  reference  96. 

Anderson,  Friedel,  and  Storch  «  proposed  a  mechanism  that  predicts 
the  somer  as  well  as  the  carbon  number  distribution  of  hydro" 

0  R.  B.  Anderson,  R.  A.  Friedel  »nH  n  ti  o*  >  •,  . , 

ede1’  and  H-  H-  Storch,  ibid.,  to  be  published. 
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Table  35.  Comparison  of  Calculated  and  Observed  Percentages  of  Isomers 

in  Products  from  Iron  Catalysts 


Mole  Per  Cent  in  Fraction 


Weller  and 

Anderson, 

Friedel  h 

Friedel,  and 

a  =  0.890, 

Storch  c 

Isomers 

Observed  0 

b  =  0.110 

/  =  0.115 

C4  Normal 

89.4 

94.2 

89.7 

Iso 

10.6 

5.8 

10.3 

C5  Normal 

81.2 

83.8 

81 .3 

Iso 

18.8 

16.2 

18.7 

Ce  Normal 

78.8 

74.6 

73.6 

Monomethyl 

20.8 

24.8 

25.4 

Dimethyl 

0.4 

0.64 

0.97 

C7  Normal 

66.0 

66.4 

66.6 

Monomethyl 

32.1 

31.3 

30.7 

Dimethyl 

1.9 

3.3 

2.6 

Cs  Normal 

58.7 

59.2 

61.5 

Monomethyl 

36.9 

36.0 

34.8 

Dimethyl 

2.5 

4.8 

4.8 

°  F.  H.  Bruner;  see  reference  88. 

b  S.  Weller  and  R.  A.  Friedel;  see  reference  95. 

c  R.  B.  Anderson,  R.  A.  Friedel,  and  H.  H.  Storch;  see  reference  96. 


the  other  carbon  atoms  of  the  double  bond  of  an  a-olefin  with  formation 
by  a  series  of  reactions,  of  an  a-olefin  containing  one  additional  carbon 
atom  would  fill  these  requirements,  but  the  development  is  not  limited 
to  a-olefins  as  intermediates.  Further  assumptions  are: 


a  The  rate  of  addition  to  the  end  carbon  may  be  characterized  by  a 
first-order  rate  constant,  a,  with  respect  to  the  concentration  of  a  species 
of  growing  hydrocarbon  chain  at  the  catalyst  surface. 

b.  The  rate  of  addition  to  the  second  carbon  atom  is  characterized 

by  a  similarly  defined  constant,  ,  ,  , 

c.  Addition  does  not  occur  at  a  carbon  atom  already  attached  to 

three  carbon  atoms.  n  . 

d  The  rate  of  appearance  of  any  species  in  the  gas  phase,  y«,  is 

proportional  to  its  concentration  on  the  surface  and  may  be  character izei 
by  a  first-order  constant,  y. 
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e.  The  values  of  these  constants  do  not  change  with  the  number  or 
arrangement  of  carbon  atoms  in  the  growing  hydrocarbon  chain. 


Hence,  the  reaction  is  postulated  to  proceed  according  to  the  following 
scheme,  where  the  asterisk  indicates  the  positions  at  which  addition 
can  occur: 


*  * 

CC 


*  * 

-ccc 


*  * 

cccc 


*  * 

-ccccc 


* 

ccc 

c 


a 


cccc 

c 

*  * 
-cccc 
c 


*  * 

-cccccc 

ccccc 

c 

*  * 

-ccccc 

c 

*  * 

■ccccc 

c 

cccc 

CC 


For  any  growing  group  on  the  surface,  its  rate  of  formation  must  be 
equal  to  its  rate  of  disappearance  by  either  growth  to  the  next  higher 
groups  or  appearance  as  product  in  the  gas  phase.  For  normal  C4, 


aC3  —  (2C4  T  /3C4  +  7C4 

and 

C4  a 

~  =  -  =  a 

C3  a  +  /3  +  7 

wheie  C3  and  C4  are  the  concentration  of  groups  with  three  and  four 
(normal)  carbon  atoms  at  the  surface,  and  a  is  a  constant.  The  ratio 
of  rates  of  appearance  of  these  species,  Q„,  is  the  same  as  the  ratio  of 
concentrations  at  the  surface,  ie,  Q4/Cb  =  a 
Similarly  for  iso  C4  (C4'), 


(10) 

(11) 


/3C3  =  aC4'  +  7C4' 

0 


CY 

C3 


QY 

Q3 


a  +  7 


=  b 


(12) 

(13) 


vonStanft-  ™ '  US  define  an0ther  constant.  /.  where  /  -  b/a 

distribute  in3  terms  aUd  f  ^  *?  eXpreS,Sthe  ^ 

and  / ,  and  the  isomer  distribution  in  terms 
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of  /.  By  assigning  the  rate  of  appearance  of  C2  hydrocarbons  the  value 
ot  the  relative  rates  of  appearance  becomes: 

Relative  Rate 
of  Appearance 

1 

2 

a 

a2(  1  +/) 
a3(l  +  2 f) 
a4(l  +3/+/2) 
a5(l  +  4/  +  3/2) 
a6(l  +  5/  +  6/2) 
a7(l  +  6/  +  10f2) 

.<^>[1+0. -3 

The  low  value  at  C2  results  from  the  fact  that  the  C2  group  has  two 
effective  end  carbon  atoms.  The  above  series  reduces  to  that  of  Friedel 
and  Anderson  83  for  /  =  0. 

The  isomer  fractions  predicted  shown  only  to  C6  are: 


Carbon 

Number 

2 

3 

4 

5 

6 

7 

8 
9 

n 


cccc 

1/(1  +/) 

CCCCC’C 

1/(1  +3/+/2) 

ccc 

//(l  +/) 

ccccc 

2//(l  +  3/  +/2) 

c 

c 

ccccc 

n 

//( 1  +  3/  +/2) 

ccccc 

1/(1  +  2/) 

cccc 

/2/(l  +3/+/2) 

cc 

cccc 

2//(l  +  2/) 

C 


The  two  methods  of  predicting  the  distribution  of  isomers  95  96  were 
compared  with  isomer  analyses  for  cobalt  and  iron  catalysts.  Empirical 
average  values  of  the  constants  were  computed  from  the  observed  isomer 
distribution,  and  with  these  average  values  the  distribution  was  calcu¬ 
lated  as  shown  in  Tables  34  and  35.  For  the  products  from  cobalt 
catalysts,  both  methods  predict  the  correct  fractions  of  normal  isomers, 
but  the  method  of  Weller  and  Friedel  more  closely  approximates  the 
fractions  of  individual  monomethyl  isomers.  With  distribution  data 
of  products  from  iron  catalysts,  both  methods  satisfactorily  approximate 
the  data  for  normal  and  monomethyl  isomers  above  C4.  However  the 
method  of  Weller  and  Friedel  predicts  a  considerably  lower  yield  o 
iso  C4  hydrocarbons  than  observed.  The  predicted  fractions  of  di¬ 
methyl  isomers  by  both  methods  are  greater  than  those  observed. 
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Table  36  compares  the  observed  carbon  number  distribution  of  prod¬ 
ucts  from  cobalt  catalysts  (Figure  74)  with  that  predicted  by  the  method 
of  Anderson,  Friedel,  and  Storch,96  with  a  =  0.850  and  /  =  0.035,  and 
the  agreement  is  good.  This  method  does  not  fit  the  product  distribu¬ 
tion  data  of  Underwood  82  (Figure  67)  in  a  satisfactory  manner  in  the 
range  of  C2-C,5  hydrocarbons;  however,  the  experimental  uncertainties 
in  this  distribution  curve  may  be  large,  eg,  no  experimental  point  is 
given  for  C3  hydrocarbons  on  the  lower  curve. 

Table  36.  Comparison  of  Observed  and  Predicted  Product  Distribution 
Data  for  Products  from  Cobalt  Catalysts  “ 


(a  =  0.850,  /  =  0.035.) 


Carbon 

Moles 

Carbon 

Moles 

N  umber 

Observed  Predicted 

N  umber 

Observed 

Predicted 

2 

0.80 

0.89 

11 

0.54 

0.52 

3 

1.53 

1.51 

12 

0.37 

0.45 

4 

1.18 

1.33 

13 

0.38 

0.39 

5 

1.46 

1.17 

14 

0.24 

0.34 

6 

1.01 

1.03 

15 

0.20 

0.30 

7 

0.90 

0.90 

16 

0.19 

0.26 

8 

0.79  6 

0.79  h 

17 

0. 18 

0.23 

9 

0.70 

0.69 

18 

0.17 

0.20 

10 

0.60 

0.60 

19 

0. 10 

0.17 

20 

0.09 

0.15 

“  R.  B.  Anderson,  R.  A. 

Friedel,  and  H.  H 

.  Storch;  s 

ee  reference  96. 

h  These  values  were  set  equal  in  the  calculation. 


An  oxo-type  reaction  occurring  on  a-olefins  obeys  the  addition  rules 
of  Anderson,  Friedel,  and  Storch.96  Carbon  monoxide  or  groups  con¬ 
taining  one  carbon  atom  derived  from  it  add  to  the  end  or  the  adjacent 
carbon  atom  of  the  double  bond  to  form  an  oxygen-containing  complex 
that  is  eventually  hydrogenated  to  an  alcohol  which,  in  turn,  dehydrates 
to  form  an  a-olefin  containing  one  more  carbon  atom  than  the  starting 
olefin.  A  mechanism  of  this  type  predicts  the  formation  of  alcohols  and 
other  oxygenated  products  higher  than  C2  as  well  as  olefinic  and  paraf¬ 
finic  hydrocarbons  and  predicts  that  a-olefins  should  be  present  in 
greater  than  equilibrium  amounts.  This  series  of  reactions  could  start 
v  i  h  either  ethylene  or  a  C2  oxygenated  intermediate  such  as  ethanol 
However,  it  should  be  noted  that  alcohols  do  not  dehydrate  at  an 

ZTrn  ,  at  Tal  Fischer-T^h  temperatures,  even  on  tte 

course  of  the  decomposition'  is  usually  different.  Ba2  Cu*ed  Z 
97  E.  J.  Badin,  J.  Am.  Chem.  Soc.,  65,  1,809  (1943). 
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decomposition  of  primary  aliphatic  alcohols  on  Raney  nickel  at  195°- 
275°C.  The  decomposition  was  postulated  to  proceed  according  to  the 
following  reactions:  (a)  dehydrogenation  to  the  corresponding  aldehyde; 
(6)  deformylation  of  the  aldehyde  to  carbon  monoxide,  hydrogen,  and 
an  olefin  with  one  fewer  carbon  atoms  than  the  alcohol ;  and  (c)  hydro¬ 
genation  of  the  olefin.  For  example,  the  products  of  the  decomposition 
of  decanol  at  230° C  contained  43  mole  per  cent  of  n-nonane,  36  of 
nonene,  and  21  of  n-decyl  aldehyde.  Similarly,  Suen  and  Fan  98  ob¬ 
served  that  heptaldehyde  decomposed  to  hexene  and  w-hexane  on  a 
nickel  catalyst  at  250° C.  Ipatieff  and  coworkers  99  found  that  primary 
alcohols  decomposed  on  nickel  catalysts  in  a  similar  manner  except  that 
chiefly  paraffinic  hydrocarbons  were  obtained.  The  rate  of  alcohol  de¬ 
composition  decreased  with  increasing  operating  pressure.  Eidus 100 
studied  the  reactions  of  methanol  and  ethanol  on  a  cobalt-thoria- 
kieselguhr  catalyst  at  atmospheric  pressure  and  170°-200°C.  Hydrogen, 
carbon  monoxide,  and  gaseous  and  liquid  hydrocarbons  were  produced 
in  the  decomposition  of  methanol.  These  liquid  hydrocarbons  were 
essentially  the  same  as  those  formed  in  the  normal  synthesis;  however, 
the  rate  of  hydrocarbon  production  from  methanol  was  considerably 


lower  than  from  synthesis  gas,  and  the  rate  increased  when  hydrogen 
was  added  to  the  methanol.  With  ethanol,  sizable  yields  of  methane 
were  observed,  as  well  as  other  gaseous  and  liquid  hydrocarbons. 
Eidus  100  postulated  that  methanol  decomposes  to  hydrogen  and  carbon 
monoxide,  and  ethanol  to  hydrogen,  carbon  monoxide,  and  methane, 
and  that  the  hydrogen  and  carbon  monoxide  combine  by  usual  syn¬ 
thesis  reactions.  However,  it  is  not  necessary  to  postulate  the  formation 
and  subsequent  reaction  of  molecular  carbon  monoxide  to  explain  the 
data  of  Eidus.  Groups  derived  from  the  alcohol  may  react  diiectly  at 
the  catalyst  surface  to  produce  higher  hydrocarbons. 

Wender,  Levine,  and  Orchin  101  have  shown  that  an  oxo  reaction  can 
occur  with  alcohols  even  where  olefin  formation  by  dehydration  is  im¬ 
possible.  Thus,  benzyl  alcohol  reacted  in  the  oxo  synthesis  with  cobalt 
to  form  /3-phenylethyl  alcohol.  Hence,  an  oxo-type  reaction  mechanism 
could  involve  only  alcohol-like  groups  in  the  growing  chains,  and  reac¬ 
tions  producing  olefins  and  paraffins  would  be  required  m  the  chain¬ 
ending  steps.  The  chain-ending  steps  could  involve  chiefly  reactions 
such  as  observed  by  Badin.97  Available  data  suggest  that  alcohol-like 
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intermediates  would  not  dehydrate  at  an  appreciable  rate  on  these 
catalysts. 

Weitkamp  89  proposed  a  method  of  predicting  the  isomer  distribution 
of  Fischer-Tropsch  products  which  is  similar  but  not  identical  in  its 
mathematical  details  to  that  of  Anderson,  Friedel,  and  Storch.96  Weit¬ 
kamp  considered  the  growing  hydrocarbon  chain  to  be  a  free  radical 
and  with  reasonable  assumptions  was  able  to  extend  the  development 
to  explain  the  types  and  relative  amounts  of  cyclic  and  olefin  isomers. 
In  this  development  a  C2  radical  was  the  starting  point. 

In  closing  this  section  on  reaction  mechanisms,  we  present  a  set  of 
equations  that  explain  most  of  the  characteristics  of  synthesis  products. 
It  should  be  emphasized  that  these  are  merely  postulated  reactions. 
Present  knowledge  of  the  interactions  of  atoms  and  molecules  at  metal 


surfaces  is  limited,  and  it  may  be  naive  even  to  attempt  to  formulate 
these  reactions.  Nevertheless,  these  suggestions  may  be  useful  in  pro- 
\  iding  a  stimulus  for  further  studies  of  the  reaction  mechansim. 


It  is  assumed  that  (a)  hydrogen  is  chemisorbed  as  atoms;  (6)  carbon 
monoxide  is  chemisorbed  on  surface  metal  atoms  in  a  manner  similar 
to  that  postulated  for  bonds  in  metal  carbonyls  (Chapter  1,  p  8);  and 
(c)  the  adsorbed  carbon  monoxide  is  partially  hydrogenated  according 
to  reaction  14.  Then  chain-building  reactions  occur  in  two  ways:  (a) 
by  adddmn  to  end  carbon  atoms  (equations  15  and  10),  and  (6)  by 
addition  to  adjacent-to-end  carbons  (equations  17  and  18)  In  these 
reactions  it  is  postulated  that  the  double  bonds  between  carbon  and 
metal  atoms  are  more  resistant  to  hydrogenation  if  the  carbon  atom  is 
also  attached  to  a  hydroxyl  group.  Type  6  growth  processes  involve 
parfal  hydrogenat.on  of  the  carbon-to-metal  bond  and  proceed  accord- 

ng  to  teactions  1,  and  18.  Here  intermediate  a  is  the  same  as  in  reaction 
methyl  sirchat  ^  ^  18  ‘°  f°™  a  with  a 


Reactions  10  and  20  illustrate  ways  of  terminating  the  growth  of  the 

SET 
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alternate  reactions  could  be  written  that  would  predict  the  observed 
products  equally  well.  Although  details  of  the  reaction  mechanism  may 
be  incorrect,  two  aspects  of  the  mechanism  appear  to  be  essentially 
correct:  (a)  the  growing  chain  involves  groups  containing  oxygen  atoms, 
and  ( b )  growth  occurs  on  end  or  adjacent-to-end  carbon  atoms  of  the 
longest  carbon  chain,  probably  at  only  one  end  of  the  growing  chain. 

The  suggested  equations  are  shown  below: 


Chain  initiation 

O 

II 

C  +  2H 

II 

M 

Chain  growth 

a.  At  end  carbon 
H  OH  H  OH 
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c  c  — > 

II  II 

M  M 

and  for  the  general  case 
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b.  At  adjacent-to-end  carbon 
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Chain  ending 

a. 
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CH9  OH 
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C  — >  RCH2CHO  — >  acids,  esters,  and  alcohols  (19) 
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b. 
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CH2  OH  H  OH 

\  /  \  /  2H 

C  ^  c  +  R=CH2  — >  RCH3  (20) 


M 
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To  summarize  this  section,  we  may  conclude  that  the  reaction  mecha¬ 
nism  of  the  Fischer-  1  ropsch  synthesis  is  not  clearly  understood.  The 
reaction  is  very  selective,  for  the  products  are  not  those  that  have  the 
greatest  thermodynamic  stability.  The  synthesis  is  a  very  slow  catalytic 
reaction.  The  slow  rate  of  synthesis  and  the  selectivity  of  the  catalyst 
may  result  from  poisoning  of  the  catalyst  with  some  component  of  the 
synthesis,  possibly  carbon  monoxide,  since  hydrocarbons  are  readily 
y  rocracked  and  hydrogenated  by  hydrogen  in  its  absence.  The  role 
of  carbide  in  the  synthesis  is  still  uncertain,  but  at  least  many  parts  of 
the  detailed  carbide  theory  of  Craxford  appear  to  be  incorrect.  The 

reaction  mechanism  probably  involves  the  formation  and  condensation 
of  groups  containing  oxygen.  condensation 
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Adsorption,  chemisorption,  57 
activated,  59 

carbon  dioxide  on  iron,  64 
carbon  monoxide  on: 
cobalt,  68,  476,  521,  528 
cobalt  carbide,  476 
copper,  85 
iron,  64,  487,  489 
iron  carbides,  487,  489 
metals  at  low  temperatures,  8 
compared  with  physical,  64 
ethylene  on  metals,  85,  87 
hydrocarbons  on  cobalt,  524 
hydrogen  on: 
copper,  85 
iron,  57,  60,  85,  487 
iron  carbides,  487 
metals,  6 
nickel,  57 
zinc  oxide,  57 
nitrogen  on  iron,  91 
rate-controlling  step,  79 
physical : 

Brunauer,  Emmett,  and  Teller 
(BET)  equation,  52,  54 
cross-sectional  area  of  molecules,  53 
estimating  surface  area,  51 
Harkins  and  Jura  equation,  53 
iron  synthetic-ammonia  catalysts,  62 
isotherms,  general  types,  55 
nitrogen  isotherms,  cobalt,  66,  521 
pore  size  from  adsorption  isotherms, 
55 

surface  areas  and  pore  volume  stud¬ 
ies,  62 

see  also  Kieselguhr 
Alcohol : 

higher  alcohol  synthesis,  106,  109,  581 
methanol  decomposition,  catalyst  com¬ 
position,  96,  98 

methanol  synthesis,  catalysts,  96,  100 
products,  from  iron  catalyst,  260 


Alkali  in  iron  catalyst,  225,  317 
effect  on: 

acid  production,  236 
activity  and  selectivity,  224,  234, 
237,  239 

carbide  formation,  485 
carbon  deposition,  235,  493 
mechanical  stability,  235 
usage  ratio,  238 
wax  production,  227,  230,  257 
see  also  Promoter  for  iron  catalyst 
Ammonia: 

decomposition  on  iron,  92 
activation  energy,  95 
rate  equation,  92 
synthesis  on  iron,  89,  275 
effect  of  alkali,  90 
effect  of  structural  promoters,  90 
nitrides  in,  90 
rate  equation,  92 
see  also  Adsorption 

Brunauer,  Emmett,  and  Teller  equation, 
see  Adsorption,  physical 

Carbide,  cobalt,  C02C,  466 

carburization  curves,  467,  470,  497 
formation  and  decomposition,  9 
from  carbon  monoxide,  467,  472 
activation  energy,  496 
hydrogenation,  470,  474,  497,  525 
kinetics,  495,  497 

role  in  synthesis,  42,  209,  498,  525, 
579 

thermal  decomposition,  474 
x-ray  diffraction,  421,  468,  473,  525 
nickel,  Ni3C,  465 
decomposition,  9,  466 
formation,  9 

role  in  synthesis,  498,  526 
ruthenium,  492 
see  also  Thermodynamics 
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Carbides,  iron: 

acid  decomposition  of,  482,  493,  542 
cement  it  e,  FesC: 

Curie  point,  483 
from  Hiigg  carbide,  303,  489 
thermal  decomposition,  303,  489 
x-ray  diffraction,  477 
Hiigg,  FeoC,  279 

content  of  catalysts,  300,  479,  546 
Curie  point,  303,  318,  479,  483 
in  used  catalysts,  542 
magnetic  studies,  543 
phase  changes  in  synthesis,  546 
production,  301,  303,  548 

from  carbon  monoxide,  478,  485, 
498,  543 

from  nitride  plus  carbon  monox¬ 
ide,  491 

thermal  decomposition,  9,  303,  483, 
489 

x-ray  diffraction,  477,  479,  488,  491, 
544 

hexagonal,  Fe2C,  279 

Curie  point,  303,  318,  479,  483 
production  in  synthesis,  302 
thermal  decomposition,  471),  483,489 
effect  of  copper,  303,  479,  489 
x-ray  diffraction,  300,  477,  479,  488, 
542 

hydrogenation,  482 
preparation  from: 

carbon  monoxide,  9,  477,  487 
effect  of: 
alkali,  485 
copper,  486 
pressure,  480 
temperature,  480 
hydrocarbons,  487 
role  in  synthesis,  498 
Carbide  theory,  see  Reaction  mechanism 
Carbidic  and  free  carbon: 
acid  decomposition,  465 
hydrogenation,  465 
Carbon,  C14,  72,  505 
mechanism  studies,  576 
see  also  Reaction  mechanism 
Carbon  deposition: 

cobalt  catalyst,  467,  472,  492 

effect  on  activity  and  selectivity, 

526 


Carbon  deposition: 

from  hydrocarbons,  493 
in  synthesis,  493 
on  iron  catalyst,  480,  492,  494 
on  nickel  catalyst,  466,  492 
on  nitrided  iron,  491 
Carbon  dioxide  production: 
cobalt  catalyst,  513,  517 
iron  catalyst,  536 

effect  of  water  removal,  539 
Carbon  monoxide: 
electronic  structure,  6 
heat  of  formation,  6 
reaction  with: 

acetylenes  or  olefins,  8 
hydrogen,  7,  10 
sodium  hydroxide,  7 
Reppe’s  reactions,  8 
Carbonit rides,  iron: 

from  nitride  plus  carbon  monoxide,  491 
x-ray  diffraction,  491 
Carbonyls  and  hydrocarbonyls: 
cobalt,  8 

electronic  structures,  8 
iron,  9 
nickel,  8 
properties,  33 

reaction  with  acetylenes  or  olefins,  8 
thermodynamics,  33 
see  also  Oxo  process 
Carbonyl-type  intermediate,  580 
Carrier: 

dolomite,  241,  268 
function,  37 
Lautamasse,  266 
Luxmasse,  241,  266 
silica  gel,  185,  241,  270 
see  also  Kieselguhr 
Catalyst  activity: 

causes  of  catalyst  failure,  111,  217 
cobalt,  9,  128,  152,  184,  511,  525 
and  surface  area,  527 
causes  of  failure,  217 
durability,  216 
effect  of: 

carbiding,  209,  525 
carbonyl  formation,  332 
diluents,  329,  332 
kieselguhr,  175 
olefins  in  synthesis  gas,  334 
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Catalyst  activity: 
cobalt,  effect  of: 

pressure,  323,  328,  523 
promoters,  200 
induction,  208 
reduction,  205,  208 
retention  of  wax,  181,  201,  521 
effect  of  carbonyl  formation,  322 
iron,  9,  224,  240,  271,  532 

catalysts  from  various  raw  materi¬ 
als,  286 
cementite,  549 

deactivating  effect  of  chloride,  256 
effect  of : 

carbide  content,  543 
gas  composition,  533 
pressure,  323,  533 
refusion,  276 
fused,  118,  274,  280 
Hiigg  carbide,  543,  547 
precipitated,  240,  246,  254,  257,  292, 
384 

relation  to  composition,  548 
Schwarzheide  tests,  307 
sedimentation  of  catalyst  in  liquid 
phase,  417 

see  also  Nitrides,  iron 
lattice  distance  as  function  of,  86,  99, 
101 

nickel,  9,  125,  152,  184 
effect  of  nitrogen  in  synthesis  gas, 
503 

initial  effect  of  hydrogen  sulfide 
314 

properties  necessary  for  high  activity 
110 

related  to  electronic  structure  of  cata¬ 
lyst,  9 

thorium,  isoparaffin  synt  hesis,  455,  457 
ways  of  expressing,  76 
zinc-copper: 

in  methanol  synthesis,  97,  99,  102 
lattice  distance  as  function,  99,  101 
Catalyst  analysis: 
chemical,  40,  464 
cobalt,  139 

for  pilot-plant  operation,  373 
x-ray  diffraction,  525 
electron  diffraction,  44,  46,  553 
evaporated  catalyst  films,  88 
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Catalyst  analysis: 
iron: 

composition  changes  in  synthesis, 
547 

Curie  points  of  magnetic  phases,  483 
electron  diffraction,  553 
magnetic  methods,  47,  49,  465,  544 
ferromagnetic  “domains,”  48 
non-magnetic  iron,  545 
phase  changes  in  synthesis,  546,  551 
Schwarzheide  tests,  306 
x-ray  diffraction,  543 
synthetic-ammonia  catalysts,  42 
x-ray  diffraction,  40,  465 
average  crystallite  size,  43 
Catalyst,  carrier,  see  Carrier;  Kieselguhr 
definition,  36 

development,  introductory  discussion, 
1,  38 

promoter,  see  Promoter 
reactivation,  see  Reactivation 
stability,  267,  287 

effect  of  type  of  kieselguhr,  174 
fluidized  iron,  423 

fused  magnetite,  oil-recycle  process, 
404 

nitrided  iron,  551 
Cementite,  see  Carbide,  iron 
Cetane  number: 

cobalt  catalyst,  Ruhrchemie  process, 
151,  376 
iron  catalyst: 

hot-gas-recycle  process,  399 
oil-recycle  process,  277,  408 
Chemisorption,  see  Adsorption 
Chloride,  see  Poisoning  of  catalysts 
Cobalt  catalyst,  66,  122,  129,  131 
activity  and  selectivity,  124,  132  184 
193,  212,  218,  525 
early  experimental  work,  115,  117 
end-gas  recycle,  365 
exploratory  studies,  118 
interaction  of  cobalt  oxide  and  kiesel¬ 
guhr,  69 

laboiatory  assays  for  Ruhrchemie,  148 
Lurgi  diluted  catalysts,  365 
preparation: 

decomposition  of  nitrates,  185 
fluidized  catalyst,  436 
precipitation,  128,  131,  136,  139,  141 
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Cobalt  catalyst  ;  product  recovery,  pro¬ 
cedure  for,  154 

products,  see  Products  distribution 
reactivation,  see  Reactivation 
reproducibility,  152,  157 
reworking  spent  catalyst,  143,  145 
Ruhrchemie,  135,  316,  347,  372 
standard  German,  129,  139 
wax-producing,  181,  195,  264,  356,  364 
Copper,  see  Promoter;  Ethylene,  hydro¬ 
genation 

Corrosion,  Ruhrchemie  plant,  353,  356, 
358 

Curie  point,  definition,  48 

see  also  Carbide;  Catalyst  analysis 

Densities  of  catalysts: 
bulk,  50,  142 
cobalt,  69,  183,  521 
fluidized  iron,  428 
in  helium,  49,  69,  520 
in  mercury,  50,  520 
Desorption,  see  Kinetics 
Diesel  fuel,  oil-recycle  process,  277,  408 

Economics : 

cost  of  precipitating  iron  catalyst,  264 
gasoline  from  petroleum,  natural  gas, 
coal,  438 

introductory  discussion,  3 
process  efficiencies,  436,  439 
Electron  diffraction, see  Catalyst  analysis 
Electron  microscopy,  45 
Electronic  structure,  atoms,  5 

see  also  Carbon  monoxide;  Carbonyls 
and  hydrocarbonyls 

Equilibrium  constants,  see  Theimody- 
namics,  equilibrium 
Equipment: 

catalyst-testing,  154 
converter: 

boiling-liquid-bath  reactors,  76 
first  large-scale  synthesis,  348 
hot-gas- recycle,  398 

multilayer  catalyst,  399 
laboratory,  76,  153,  213 
oxo  process,  451 
Ruhrchemie,  339,  351 
slurry  process,  411,  416,  420 
two-stage  fluidized  iron  process,  426 


Equipment: 

for  catalytic  kinetic  studies,  75 
isoparaffin  synthesis,  455 
Ethylene: 

hydrocracking,  73 
hydroformylation,  446 
hydrogenation,  6,  74 
activation  energy,  84 
at  high  temperatures,  84 
at  low  temperatures,  84 
on  copper  catalyst,  84 
on  evaporated  metal  films,  85 
on  iron  catalysts,  85 
reaction  mechanism,  73,  86 
see  also  Poisoning  of  catalysts 

Fatty  acids  from: 
cobalt  catalyst,  365 
iron  catalyst,  435 
Fluidized  cobalt  process,  435 
Fluidized  iron  process,  421 
advantages,  424 
aromatics  from,  434 
fractionation  of  naphtha  from,  431 
gaseous  hydrocarbons  from,  563 
products,  430,  433 
Stanolind  pilot-plant  data,  429 
two-stage  operation,  425 
Free  energy,  see  Thermodynamics,  equi¬ 
librium 

Hiigg  carbide,  see  Carbides,  iron 
Halle  and  Herbst  carbide,  see  Carbides, 
iron,  hexagonal 

Heat  of  reaction,  see  Thermodynamics 
Hot-gas-recycle  process,  282,  396 
products,  400 
Hydrocarbon  isomers: 

cobalt  catalyst,  362,  568,  585 
iron  catalyst,  430,  569,  585,  591 
Hydrocarbonyl,  see  Carbonyls  and  hy¬ 
drocarbonyls  ;  Thermodynamics 
Hydrocol  process,  see  Fluidized  iron  proc¬ 
ess 

Hydroformylation,  446 
Hydrogen: 

para  to  ortho  conversion,  47,  61,  73,  571 
production,  344 
reactions  at  solid  interfaces,  5 
solubility  in  metals,  6 
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Hydrogen  adsorption,  see  Adsorption 
Iron  catalyst: 

alcohol-producing,  258,  272,  392 
alkali: 

in  fused  catalyst,  279 
in  precipitated  catalyst,  232 
CaO-  and  MgO-promoted: 
activity,  268,  271 
methane  production,  390 
cobalt  substitutes,  243 
from  iron  chlorides,  251,  254 
historical,  222 
nit  riding,  319,  549 

petrographic  studies  of  fused  catalysts, 
278 

preparation: 

cemented,  233,  283,  285 
decomposition  of  nitrates,  223,  240 
fluidized  catalyst,  426,  428 
from  iron  carbonyl,  416 
fused,  91,  272,  276,  278,  281,  307,  402 
precipitated,  223,  237,  239,  243,  248, 
258,  260,  263,  270,  306,  383,  409, 
479,  485 

sintered,  282,  285 
present  status,  285 
products,  see  Products  distribution 
raw  materials  for,  247,  286 
reactivation,  see  Reactivation 
Schwarzheide  tests,  305 
sources  of  iron,  247,  285 
wax-producing,  261,  264 
Isoparaffin  synthesis: 

introductory  discussion,  454 
product  condensation  between  stages, 
460 

product  distribution,  457,  460,  462 
recycle  of  end  gas,  461 
two-stage  operation,  460 

Kieselguhr: 

adsorption  of  nitrogen,  169 
calcination,  171,  174,  184 
chemical  analyses,  164,  173 
cobalt  catalyst,  68,  135,  173,  175 
comparison  with  other  carriers,  163 
electron  micrographs,  45,  167 
German,  170,  173 
iron  catalyst,  256,  262 


Kieselguhr: 

nickel  catalyst,  71,  127 
pore  volumes,  167 
properties,  163,  171 
structure,  69 
surface  areas,  167 
x-ray  diffraction  studies,  164 
see  also  Carrier 
Kinetics: 

ammonia  decomposition,  92 
ammonia  synthesis,  92 
cobalt  carbide,  formation,  495 
cobalt  catalyst,  505,  514 

activation  energy,  323,  496,  513 
carbon  dioxide  formation,  513,  515 
conversion  vs.  space  velocity,  507, 
511 

effect  of : 

diluents,  329,  512 
gas  composition,  505,  512,  516, 
557,  566 

pressure,  323,  325,  523,  562 
H2:CO  usage  ratio,  505 
incorporation  of  methane,  505 
methane  formation,  334,  515 
rate  equation,  529 
selectivity  vs.  flow',  513,  567 
temperature  dependence,  323,  513 
cobalt-nickel  catalyst,  506 
desorption  reaction  rate  controlling,  80 
experimental  methods,  74,  76 
flowing  systems,  75 
importance,  113 
introductory  remarks,  499 
iron  carbide,  formation,  498 
iron  catalyst,  532,  537 
activation  energy,  323,  539,  541 
carbon  dioxide  formation,  536 
conversion  vs.  space  velocity,  540 
effect  of: 

gas  composition,  533,  536,  558 
particle  size,  289,  541 
pressure,  323,  329,  533,  560,  564 
H2:CO  usage  ratio,  537 
rate  equation,  554 
selectivity  vs.  flow,  382,  555,  559 
temperature  dependence,  323,  539, 
541,  560 

mass  transfer  to  catalyst,  82 
methanol  synthesis,  104 
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Kinetics: 

nickel  catalyst,  499 
activation  energy,  501 
conversion  vs.  space  velocity,  500 
gas  composition,  500,  503 
Ho: CO  usage  ratio,  500,  503 
incorporation  of  methane,  504 
selectivity  vs.  space  velocity,  566 
temperature  dependence,  501 
rate-controlling  steps,  77,  570 
rate  equations,  77,  84,  92,  95,  528,  554 
ruthenium  catalyst,  55 
effect  of  pressure,  556,  565 
static  systems,  74 

surface  reaction  rate  controlling,  78 
symbols,  78 

water-gas  reaction,  515,  538 
see  also  Carbide 

Magnetic  balance,  48 
Methane: 

incorporation  in  synthesis,  25,  332,  504 
production : 

cobalt  catalyst,  334,  515,  518 
iron  catalyst: 

effect  of  pretreatment,  390 
fluidized  process,  429 
hot-gas-recycle  process,  400 
oil-recycle  process,  407 
Ruhrchemie-type  process,  386, 
389 

slurry  process,  412,  415,  421 
isoparaffin  synthesis,  451,  459 
see  also  Products  distribution 
see  also  Synthesis  gas,  diluents 
Methanol,  see  Alcohol 

Nickel  catalyst: 

effect  of  H2:  CO  ratio  on  usage  ratio, 
499,  503 

introductory  remarks,  133,  184 
preparation : 

precipitation,  125,  133,  185,  315 
skeletal,  191 

reactivation,  see  Reactivation 
Nickel-cobalt  catalyst, 
preparation : 

precipitation,  187 
skeletal,  18!),  191 
Ruhrchemie,  194 


Nitrides,  iron: 

activity  and  selectivity,  287,  549 

changes  in  synthesis,  553 

crystal  structure,  549 

hydrogenated  nitrided  catalyst,  552 

preparation,  549 

products,  551 

x-ray  diffraction,  491 

Octane  number: 

cobalt  catalyst,  Ruhrchemie  process, 
151 

iron  catalyst: 

fluidized  process,  432 
hot-gas-recycle  process,  399 
oil-recycle  process,  408 
Oil-recycle  process,  400 
amount  of  cooling  oil,  401 
distribution  of  synthesis  in  reactor, 
404 

effect  of  gas-recycle  ratio,  408 
flow  diagram,  402,  405 
Olefin  hydrogenation,  see  Ethylene,  hy¬ 
drogenation 
Olefins: 

from  cobalt  catalyst,  187,  364,  373, 
558,  567 

from  iron  catalyst,  234,  277,  309,  384, 
430,  558 

from  nickel  catalyst,  566 
hydroformylation,  446 
types  in  C6-Cg  fraction,  cobalt  catalyst, 
364 

Oxo  process: 

aldol  condensation  of  oxo  aldehydes, 
443 

chemistry,  442 

continuous  process  at  Ludwigshafen, 
453 

effect  of  aqueous  ammonia,  444 
hydroformylation  of : 

Fischer-Tropsch  products,  449 
pure  diolefins,  448 
pure  olefins,  446 
unsaturated  compounds,  447 
I.G.  Farbenindustrie  batch  processes, 

450 

large-scale  development,  450 
Leuna  continuously  operating  plants, 

451 
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Oxo  process: 
mechanism  of: 

homologation,  445 
hydrogenation,  445 

methanation  step  in  recycle  hydrogen 
stream,  450 

migration  of  double  bond,  444 
pressure,  450 

reaction  mechanism,  444,  589 
Ruhrchemie  batch  processes,  450 
temperature,  450 
Oxygenated  compounds: 
cobalt  catalyst,  364,  557 
iron  catalyst,  231,  278,  434,  557 

Particle  size  of  catalysts,  274,  276,  288, 
522 

Poisoning  of  catalysts: 

carbon  monoxide  in  ethylene  hydro¬ 
genation,  85,  88 

chloride  in  iron  catalyst,  253,  255 
free  carbon,  474 

on  carburization  of  cobalt,  476 
K2O  in  presence  of  B0O3,  237 
potassium  sulfate,  226 
sulfur,  312 

water  vapor  in  ammonia  synthesis,  91 
Polymerization-depolymerization  hy¬ 
pothesis,  581 

Pore  structure  of  catalysts,  see  Adsorp¬ 
tion,  physical 

Pore  volume  of  catalysts,  50,  520 
Pretreatment: 
cobalt  catalyst: 
carburization,  208 
induction,  207 

reduction,  137,  146,  156,  202,  205, 
207 

iron  catalyst  : 

carburization,  290,  294,  318,  480 
549 

induction,  251,  265,  269,  291,  294 
299,  390 

nitriding,  see  Nitrides,  iron 
reduction,  272,  297 
“typhoon”  method,  297 
nickel  catalyst,  127,  134,  190,  526 
nickel-cobalt  catalyst,  190 
I  rocess  variables,  basic  chemistry  of  1 
114,  437,  439 


Products  distribution: 

cobalt  catalyst,  123,  151,  186,  194,  196, 
215,  219,  340,  349,  360,  378,  380, 
558,  562,  583,  585,  589 
effect  of: 

catalyst  composition,  121,  128, 
130,  198 

density  of  catalyst  ,  183 
free  carbon,  211 
H2:CO  ratio,  121 
hydrogen  sulfide,  314 
pressure,  325,  328,  378,  380,  558, 
562 

recycle,  378,  380 
space  velocity,  513 
ThOo  content,  199 
type  of  kieselguhr,  183 
end  gases,  analysis  of,  361 
from  hydrogenation  of  used  catalyst, 
573  * 

iron  catalyst,  252,  277,  281 
effect  of : 

alkali  content,  227,  230,  237,  278 
catalyst  age,  428 
kieselguhr,  256 
particle  size,  289 
pressure,  327,  32V),  560,  564 
pretreatment  on  methane  produc¬ 
tion,  390 

recycle  ratio,  386,  388 
space  velocity,  559 
temperature,  560 
Schwarzheide  tests,  308 
nickel  catalyst,  olefin  formation,  566 
nickel-cobalt  catalyst,  189,  196 
ruthenium  catalyst,  555,  565 
effect  of  pressure,  31 1 
olefin  formation,  565 
various  Fischer-Tropsch  processes,  437 
Promoter  for: 
cobalt  catalyst: 
alumina,  122,  185 
cerium  oxide,  122 
chromium  oxide,  120 
copper,  37,  121,  137,  185,  316 
magnesia,  67,  120,  122,  129,  137,  152, 
185,  201,  213,  316,  435,  470,  512 
521 

manganese  oxide,  120,  124,  185  195 
198 
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Promoter  for: 
cobalt  catalyst: 

potassium  carbonate,  125 
silver,  185 

thoria,  37,  68,  123,  120,  137, 152, 185, 
198,  213,  316,  470,  510,  521,  576 
uranium  oxide,  120,  123,  185 
zinc  oxide,  122 
iron  catalyst: 

alkali,  63,  90,  125,  224,  235,  485,  543 
alumina,  37,  42,  63,  85,  90,  118,  122, 
233,  243,  245,  273,  279,  300,  306, 
422,  426,  479,  542,  576 
aluminum  fluoride,  279,  281 
arsenic,  273 
barium  carbonate,  226 
barium  oxide,  284 
beryllium  oxide,  122,  279 
bismuth,  118 
borax,  237 
boric  acid,  242 
cadmium  oxide,  122 
calcium  carbonate,  226 
calcium  fluoride,  306 
calcium  oxide,  243,  260,  262,  279, 
283,  383,  415,  479,  542 
cerium  oxide,  306 

chromium  oxide,  118,  122,  274,  300 
cobalt,  242 
cobalt  oxide,  279 

copper,  37,  121,  223,  241,  243,  260, 
263,  278,  306,  317,  383,  409,  415, 
479,  485,  498,  542 
dolomite,  268,  306,  383 
effect  on  usage  ratio,  238,  243 


in  fused  catalysts,  90 
iron  fluoride,  279,  281 
lead  oxide,  118,  122 
lithium  carbonate,  226 
magnesia,  122,  243,  245,  274,  279, 
284,  300,  406,  411,  536,  552 
manganese,  277 

manganese  oxide,  224,  242,  273,  277 

molybdic  acid,  122 

nickel,  90,  242 

nickel  oxide,  279 

oxides,  difficultly  reducible,  90 

oxides,  easily  reducible,  91 

potassium,  37,  63,  85,  90,  118,  242, 

279 


Promoter  for: 
iron  catalyst: 

potassium,  borate,  237,  284,  416 
carbonate,  225,  242,  284,  300,  383, 
479,  498,  542 
chloride,  226 
ferrate,  226 
fluoride,  225 
fluosilicate,  225 
hydroxide,  263,  277 
iodide,  225 
metaarsenite,  225 
oxide,  64,  91,  284,  317,  422,  536, 
542,  552 

permanganate,  276 
phosphate,  225 
pyroantimonate,  225 
silicate,  239,  283,  383 
rubidium  oxide,  226,  242 
silica,  90,  279,  284,  300,  426,  576 
silicon,  276 
silver  oxide,  279 
sodium: 

aluminate,  228 
carbonate,  226 
glass  powder,  227 
silicate,  283 
thoria,  243,  498 
tin  oxide,  122 
titanium  oxide,  276,  427 
tungsten  (wolfram)  oxide,  90,  284 
uranium  oxide,  243 
vanadium  oxide,  120 
zinc  oxide,  122,  273,  306 
zirconia,  63,  90,  487,  576 
see  also  Alkali 

molybdenum  disulfide  catalyst,  potas¬ 
sium  hydroxide,  315 

nickel  catalyst: 

alumina,  133,  185,  189,  498 
beryllium  oxide,  121 
copper,  121,  125 
manganese  oxide,  133,  185,  498 

silica,  189 

thoria,  125,  185,  500 
tungsten  (wolfram)  oxide,  185 
uranium  oxide,  185 

nickel-cobalt  catalyst, 
alumina,  188 
beryllium  oxide,  188 
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Promoter  for: 

nickel-cobalt  catalyst: 

manganese  oxide,  187,  195 
thoria,  188,  195 
uranium  oxide,  188 
thorium  catalyst: 
alumina,  456 
chromium  oxide,  456 
potassium  carbonate,  455 
zinc  oxide,  456 

Promoter  types  and  functions,  37,  64, 
110 

Reaction  mechanism: 

carbide  theory,  495,  514,  520,  525,  570, 
574,  576,  579 
carbon  chain  building: 
postulated  rules,  584,  586 
stepwise  addition,  582 
suggested  equations,  592 
introductory  discussion,  3 
kinetics  and  reaction  mechanism,  464 
not  involving  carbide  as  intermediate, 
580 

polymerization-depolymerization  hy¬ 
pothesis,  581 

suggested  steps  in,  569,  591 
use  of  tagged  atoms,  72,  576 
see  also  Adsorption;  Carbide;  Kinetics 
Reactivation: 

cobalt  catalyst,  124,  143,  211,  220,  350, 
520 

copper-containing,  by  hydrogen,  136 
procedure,  211 
Ituhrchemie  “dry,”  222 
wax  removal,  220 
iron  catalyst: 

with  ammonia  in  water  gas,  304 
with  hydrogen,  304 
nickel  catalyst,  134 
Ruhrchemie  commercial  process: 
cobalt  catalyst  : 

atmospheric  pressure,  349,  354 
medium  pressure,  351,  353,  355,  374, 
379 

plant  design,  336-360 
process  efficiencies,  436 
reactivation  of  catalyst,  220,  350 
reproducibility  of  data,  376 
starting  operation,  350,  353 
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Ruhrchemie  commercial  process: 
iron  catalyst: 

medium  pressure,  381,  386 
medium  pressure,  Rheinpreusscn, 
388 

Ruthenium  catalyst,  309 
preparation,  310 

Schwarzheide  tests,  see  Catalyst  activity; 
Catalyst  analysis,  iron;  Iron  cata¬ 
lyst;  Products  distribution 
Shape  of  catalysts,  141,  159 
Slurry  process,  281,  409,  411 
effect  of  Ho:CO  ratios,  412 
pilot-plant  data: 

I.G.  Farbenindustrie,  414,  417 
Rheinpreussen,  412 
Ruhrchemie,  413 
U.  S.  Bureau  of  Mines  work,  420 
Sulfur,  see  Poisoning  of  catalysts 
Surface  area  of  catalysts,  1 10 
cobalt,  67,  72,  475,  520,  542 
determination,  51 
iron,  62 

nickel-kieselguhr,  72 
see  also  Adsorption 
Synol  process,  272,  559 

branching  in  oil  products  from,  445 
operating  conditions,  390 
products  distribution,  392,  561,  564 
Synthesis  gas: 

analyses,  328,  333,  349,  353,  355,  367, 
371,  373,  382,  387 
composition,  effect  of : 

on  carbon  deposition,  iron  catalyst, 
494 

on  kinetics,  506,  533 
diluents,  329,  332,  503,  512 
production: 

from  brown  coal,  385 
from  natural  gas,  430 
in  Germany,  338 
purification,  385 
sulfur  removal,  338,  342,  344 

Thermodynamics : 

carbide  formation,  578 
equilibrium : 
carbide  formation,  30 
definition,  13 
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Thermodynamics: 

equilibrium: 

dehydration  of  alcohols,  22 
hydrocarbons  as  reactants  in  syn- 
•  thesis,  25 

hydrogenation  of  carbon  dioxide,  20 
hydrogenation  of  carbon  monoxide 
to: 

alcohols,  21 

hydrocarbons  plus  CO2,  13,  15 
hydrocarbons  plus  H2O,  13,  16 
hydrogenation  of  olefins,  23 
isomerization  of  hydrocarbons,  22 
oxo  synthesis,  25 

reactions  between  hydrocarbon  prod¬ 
ucts,  23 

reduction  of  oxides  of  iron,  cobalt, 
nickel,  28 

water-gas  reaction,  27 
Fischer-Tropsch  and  related  reactions, 
9 

heats  of  reaction: 
calculation,  13 
carbide  formation,  31 
hydrogenation  of: 
carbon  dioxide,  20 
carbon  monoxide  to  hydrocarbons 
plus  CO2,  1 1 

carbon  monoxide  to  hydrocarbons 
plus  H2O,  1 1 


Thermodynamics: 

hydrocarbon  types,  probability  of  syn¬ 
thesis,  19,  22 
surface  layers,  30 
synthesis  of  ammonia,  89 
Thorium  catalyst,  preparation,  454,  456 

Usage  ratio: 

cobalt  catalyst,  505 
iron  catalyst,  324,  383,  536,  539 
oil-recycle  process,  406 
nickel  catalyst,  499 

Water-gas  production,  342 
Water-gas  reaction,  7,  27 
on  cobalt  catalyst,  514 
on  iron  catalyst,  537 
Water-gas  shift: 
catalyst,  345 
operating  conditions,  344 
Wax: 

effect  of  promoters,  201 
properties,  201,  231 
using  cobalt  catalyst,  181,  195,  264, 
356,  364 

using  iron  catalyst,  244,  261,  264, 
284 

see  also  Reactivation,  cobalt  catalyst 
X-ray  diffraction,  see  Catalyst  analysis 


